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PhotosynthesisThe presence of genes encoding organellar proteins in both the nucleus and the organelle necessitates tight
coordination of expression by the different genomes, and this has led to the evolution of sophisticated intra-
cellular signaling networks. Organelle-to-nucleus signaling, or retrograde control, coordinates the expression
of nuclear genes encoding organellar proteins with the metabolic and developmental state of the organelle.
Complex networks of retrograde signals orchestrate major changes in nuclear gene expression and coordi-
nate cellular activities and assist the cell during plant development and stress responses. It has become
clear that, even though the chloroplast depends on the nucleus for its function, plastid signals play important
roles in an array of different cellular processes vital to the plant. Hence, the chloroplast exerts signiﬁcant con-
trol over the running of the cell. This article is part of a Special Issue entitled: Protein Import and Quality Con-
trol in Mitochondria and Plastids.
© 2012 Elsevier B.V. All rights reserved.1. Introduction
Chloroplasts, like mitochondria, evolved from free-living prokary-
otic organisms that entered the eukaryotic cell through endosymbio-
sis. The gradual conversion from endosymbiont to organelle during
the course of evolution has been accompanied by a dramatic reduc-
tion in genome size as the chloroplasts lost most of their genes to
the nucleus and the endosymbionts became dependent on their eu-
karyotic host. The plastid genomes of current land plants encode 75
to 80 proteins [1] whereas the number of proteins in the chloroplast
is estimated to be between 3500 and 4000 proteins [2]. Thus, the ma-
jority of the plastid proteins are encoded in the nucleus. The presence
of genes encoding plastid proteins in both the nuclear and the plastid
genomes presents the complex problem to the plant cell to coordi-
nate the activities of the these different genomes [3–5]. In the photo-
synthetic electron transport complexes of the thylakoid membrane,
the core subunits are encoded by the chloroplast genome and the pe-
ripheral subunits are encoded by the nuclear genome. In the stroma,
the large subunit of Rubisco is encoded in the plastids whereas the
small subunit is nuclear encoded. To ensure that all these photosyn-
thetic complexes are assembled stoichiometrically, and to enable
their rapid reorganization in response to changes in the environment,
the process of so called retrograde signaling has evolved whereImport and Quality Control in
+46 90 786 6676.
rand).
rights reserved.plastids emit signals that regulate nuclear gene expression to match
the status of the plastids [6–9].
The ﬁrst evidence of the existence of a “plastid signal” came from
studies of mutants with morphologically aberrant plastids. These in-
clude mutants with defective plastid protein synthesis such as the
plastid ribosome-deﬁcient albostrians barley mutant and the Brassica
napus al mutant [10–12]. These mutants demonstrated reduced ex-
pression of nuclear genes encoding plastid components suggesting
that a plastid signal was emitted to repress the nuclear encoded pho-
tosynthesis genes [12]. These results opened the research ﬁeld to
investigate how different plastid processes trigger signals that modu-
late nuclear gene expression [6]. We now know that several different
plastid processes produce signals that regulate speciﬁc sets of genes or
regulons and several molecular candidates for plastid signals have
been described. Plastid signals and communication between the plas-
tids and nucleus is of particular importance during plant stress re-
sponses. For plants to respond optimally to environmental stresses it
is necessary that the cytosolic and plastid signaling networks are inte-
grated to produce a coordinated response in the different cellular
compartments [13]. Plastid signals also coordinate cell cycle and
coupling of DNA replication in the cell and play a major role during
chloroplast development [14,15]. Furthermore, it was recently dem-
onstrated that organelle-to-nucleus communication also plays a role
in intercellular communication via plasmodesmata [16] and that plas-
tid signals are key factors driving the transition from cell proliferation
to cell expansion [17]. Thus, it is clear that plastid signals play impor-
tant roles in an array of different cellular processes of the plant.
Plastid signals are essential to the plant both during the initial de-
velopmental stages (biogenic control) and in adult stage to face
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tentative plastid signals identiﬁed to date can be linked primarily to
speciﬁc stress conditions. The photosynthetic reactions housed
in the chloroplasts are extremely sensitive to stress and the chloro-
plasts could therefore play a critical role as sensors of changes in
the growth environment [13,19]. This review will focus on two differ-
ent types of plastid signals inﬂuencing nuclear gene expression during
different stress conditions; 1) metabolites as plastid signaling mole-
cules, tetrapyrroles and the recently discovered phosphonucleotide
3′‐phosphoadenosine 5′‐phosphate (PAP) and 2) signals related to
photosynthetic electron transport such as changes of the redox state
of the chloroplast and accumulation of the reactive oxygen species,
singlet O2 and H2O2. Plastid signaling has also been associated with
the organellar transcriptional and translational activity (PGE) involv-
ing GUN1 in particular [14,20,21] and to the carotenoid biosynthesis
[22]. Due to space limitations these aspects will not be covered in
this review.
2. Metabolites as plastid signaling molecules
2.1. The putative role of tetrapyrroles in plastid signaling
Higher plants synthesize four major tetrapyrrole molecules via a
common branched pathway in the plastids: chlorophyll, heme, siroheme
and phytochromobilin. Many tetrapyrroles are excited by light and if left
unquenched they can formhighly toxic radicals. Tetrapyrrole synthesis is
therefore tightly regulated to prevent the accumulation of intermediates
that may endanger the plant cell. Perturbations in the tetrapyrrole path-
way have been shown to affect expression of photosynthesis-associated
nuclear genes (PhANGs) in both green algae and higher plants [23–31].
Mutants with impaired communication between the chloroplast and
the nucleus referred to as the genome uncoupled, or gun mutants
were isolated from genetic screens [7,32]. The gun1–6 mutants express
PhANGs when exposed to oxidative stress whereas wild type demon-
strates strong suppression of photosynthetic gene expression under the
same conditions [7,32]. Five of the six GUN genes, GUN2–6, encode
components closely associated with tetrapyrrole biosynthesis and the
respective mutants have impaired ﬂux through the tetrapyrrole biosyn-
thesis pathway. GUN1 on the other hand, is a chloroplast localized
pentatricopeptide-repeat (PPR) containing protein with unknown func-
tion. Thus, the gun mutants provided strong evidence for the involve-
ment of tetrapyrroles in communication between the chloroplast and
the nucleus in plants.
Environmental changes affect ﬂux through the tetrapyrrole bio-
synthesis causing perturbations and the accumulation of speciﬁc me-
tabolites. Thus, ﬂux through tetrapyrrole biosynthesis could act as an
indicator of changes in the environment and the signals triggered by
ﬂux perturbations are therefore important during stress responses
but they also play roles during seedling and chloroplast development
[25,32,33]. Heme and Mg-ProtoIX affect expression of PhANGs and in
the gun5 mutant expression of genes encoding proteins involved in
the light harvesting and electron transport reactions of photosynthe-
sis, enzymes in metabolic pathways such as the Calvin cycle and
tetrapyrrole biosynthesis, and proteins involved in translation of
chloroplastic-encoded genes is mis-regulated following exposure to
oxidative stress [25]. In addition, Mg-ProtoIX has been shown to coor-
dinate cell cycle and coupling of organellar and nuclear DNA replica-
tion in red alga and tobacco BY-2 cells [15]. In red algae Mg-ProtoIX
was shown to mediate a proteasome-dependent protein degradation
by binding to and inhibiting a SCF-type E3 ubiquitin ligase (FBX3).
Inhibition of FBX3 results in release of Cyclin 1 and activation of
CDKA, stimulating nuclear DNA replication [34]. Furthermore, in
non-photosynthetic plastids of BTY2 tobacco cells, tetrapyrroles
were shown to play a role in amyloplast differentiation and regula-
tion of the nuclear encoded starch biosynthesis genes ADP-Glucose
Pyrophophorylase (AGpS) and the Granule-Bound Starch Synthase(GBSS) [35]. Thus, the collected data suggests that tetrapyrroles play
important regulatory roles in diverse cellular processes in plants
and algae.
2.1.1. Chlorophyll intermediates putative plastid signals during oxidative
stress
Over 20 years agoMg-ProtoIX and itsmethyl esterMg-ProtoIX-ME
were suggested to act as plastid signals regulating nuclear encoded
genes associated with photosynthesis. This proposal was based
upon studies demonstrating that accumulation of these chlorophyll
intermediates coincided with changes in nuclear gene expres-
sion [29,30,36,37]. This model was later supported by the characteri-
zation of the gun5 mutant. The gun5 mutant has a lesion in the
H-subunit of Mg-chelatase that catalyzes the ﬁrst reaction in the
“chlorophyll branch” of tetrapyrrole biosynthesis and has impaired
ﬂux through the tetrapyrrole biosynthetic pathway [38]. The gun5
mutant demonstrates a mis-regulation of a large number of PhANGs
when exposed to oxidative stress [25] and in contrast to wild type,
gun5 did not demonstrate signiﬁcant accumulation of Mg-ProtoIX fol-
lowing exposure to oxidative stress [25]. To induce oxidative stress
and to trigger the GUN5 signal, seedlings are commonly grown on
norﬂurazon. Norﬂurazon inhibits phytoene desaturase (PDS) in the
carotenoid biosynthetic pathway. The photooxidation caused by
norﬂurazon treatment is limited to the plastid and results in complete
destruction of the thylakoid membrane [39,40]. However, norﬂurazon
treatment generates an artiﬁcial condition of severe stress where
speciﬁc responses of the plant may be difﬁcult to reproduce due to
pleiotropic effects caused by the treatment [41–43]. The role of
Mg-ProtoIX/Mg-ProtoIX-ME as a plastid signal was subsequently
questioned when reported accumulation of Mg-ProtoIX following
norﬂurazon treatment was not observed in two different studies
[42,43]. Consequently, no correlation between LHCB expression and
Mg-ProtoIX amounts could be reported in those studies. While the
source of the GUN5 dependent plastid signal induced by oxidative
stress was still believed to be linked to tetrapyrrole biosynthesis, the
exact nature of the signal was challenged. It was suggested that either
rapid changes in the ﬂux through the tetrapyrrole pathway, ROS accu-
mulation, activity of Mg-chelatase or accumulation of Mg-ProtoIX in a
speciﬁc cellular compartment could be the origin of the plastid signal
[42,43].
The contradictory results and the controversy regarding the signal-
ing role for Mg-ProtoIX have stimulated the ﬁeld tomake efforts to elu-
cidate the mechanisms involved in the tetrapyrrole-mediated signal.
Arabidopsis mutants affected in the I-subunit of the Mg-chelatase, cs
and chl42mutants did not demonstrate a gun phenotype following ex-
posure to oxidative stress [38] . This was an unexpected result and pro-
vided support for a speciﬁc function for the H-subunit (GUN5) of the
Mg-chelatase complex in plastid signaling. It was previously suggested
that CHLH monitors porphyrin levels by binding excess ProtoIX and/or
Mg-ProtoIX, sending a negative signal or inhibiting a positive signal to
the nucleus via a hypothetical downstream factor(s) [38]. However, it
was subsequently shown in Arabidopsis that there are two genes
encoding I-subunits of Mg-chelatase, CHLI1 and CHLI2 [44]. When the
doublemutant, chli1chli2,was generated, the doublemutant did indeed
demonstrate a gun phenotype [45], suggesting that the signal is not de-
pendent on CHLH but is linked to the tetrapyrroles.
It was also suggested that ROS accumulation was the origin of the
GUN5/tetrapyrrole mediated plastid signal instead of the speciﬁc accu-
mulation ofMg-ProtoIX/Mg-ProtoIX-ME [42,43]. The conditions used to
trigger the GUN5mediated plastid signal results in oxidative stress and
accumulation of ROS. The different ROS species activate distinct signal-
ing pathways [13] and the release of ROS could be an alternative expla-
nation for the role of tetrapyrrole intermediates in retrograde signaling
because many porphyrins are photoreactive and generate 1O2 in the
presence of light [46]. However, speciﬁc ROS eliminators were shown
to only partly reverse the norﬂurazon-triggered repression of LHCB
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vestigated in the gun5mutant and the expression of those genes were
not different in gun5 compared to wild type and it was concluded that
the gun5 phenotype is not related to an altered accumulation of ROS
[41].
The variability in the amounts of tetrapyrroles detected in different re-
ports [25,42,43] could possibly be explained by differences in the sam-
pling of the plant material. Accumulation of Mg-ProtoIX/Mg-ProtoIX-ME
following exposure to oxidative stress was shown to be rapid and tran-
sient [23,33]. Following short term (b96 h) norﬂurazon treatment a
large accumulation of Mg-ProtoIX was observed and accompanying
LHCB repression [23]. However, long term (more than 6 days) exposure
to norﬂurazon resulted in a decline of the accumulated pools in these ex-
periments [23]. A more controlled way to expose seedlings to oxidative
stress is to usemethyl viologen (MV), an inhibitor of photosynthetic elec-
tron transport which catalyses the monoelectronic photoreduction of O2
to generate superoxide (O2•−) and H2O2. Following exposure to
MV the levels of Mg-ProtoIX andMg-ProtoIX-ME increased gradually
with the highest amounts observed following 3 h exposure and al-
ready after 4 h exposure to MV, the accumulated Mg-ProtoIX/
Mg-ProtoIX-ME declined towards control levels [33]. This transient
nature of the stress-induced accumulation of tetrapyrroles could ex-
plain the variability in the amounts of tetrapyrroles detected in dif-
ferent reports [25,42,43]. The fact that tetrapyrrole accumulation is
transient following stress exposure is not surprising, given that accu-
mulation of free chlorophyll intermediates have deleterious effects
on cellular function and when tetrapyrroles accumulate in the cell
for prolonged periods, plants suffer severely from photodynamic
damage [47–50]. In summary, Mg-ProtoIX and Mg-ProtoIX-ME
have been shown to accumulate when plants and algae are exposed
to factors that give rise to oxidative stress such as exposure to low
temperatures and inhibitors photosynthetic electron transport
[23,25,33,51–54]. The reason for this rapid accumulation could be
explained by the fact that the aerobic cyclase reaction was shown,
both in Arabidopsis and cucumber, to be extremely sensitive to oxi-
dative stress [54,55]. Thus, impaired ﬂux through chlorophyll bio-
synthesis and the accumulation of Mg-ProtoIX/Mg-ProtoIX-ME is
an indicator of changes in the environment and results in changes
in PhANG expression [33,52]. Whether accumulation of Mg-ProtoIX
is itself an important part of the tetrapyrrole-mediated signal re-
mains unclear.
The genes encoding the components involved in chlorophyll biosyn-
thesis including the subunits of the Mg-chelatase are regulated by the
transcription factors Golden 2-like1 and 2 (GLK1/2). Furthermore, GLK
transcription factors are functionally conserved within the plant king-
dom and required for chloroplast development as demonstrated by
the glk1glk2 doublemutants that are pale green and deﬁcient in the for-
mation of the photosynthetic apparatus [56,57]. Interestingly, PhANG
expression was shown to be less responsive to norﬂurazon treatment
in the glk1glk2 double mutant in Arabidopsis compared to wild type
suggesting that glk1glk2 exhibit a weak gun phenotype. The phenotype
was consistent with reduced levels of chlorophyll intermediates in the
glk1glk2 mutant supporting a role for perturbed tetrapyrrole pools in
plastid signaling [58]. However, the PhANG expression was signiﬁcantly
suppressed in glk1glk2 compared to wild type under control conditions
making the results difﬁcult to interpret. The two GLK genes respond to
plastid retrograde signals [58]. Thus, the GLK genes are sensitive to
feedback signaling from the chloroplast and it is possible that they op-
erate downstream of plastid retrograde signaling in more long-term
acclimatory responses [58].
To act as signalingmolecule and to affect the activity of cytosolic or nu-
clear signaling components such as the GLKs, the chlorophyll intermedi-
ate must reach the cytosol. Numerous porphyrins synthesized in the
chloroplast, e.g. chlorophyll catabolites, heme and heme precursors
have been found to exit the chloroplast [53,59–61]. A methodwas devel-
oped by two independent laboratories [53,62] using single photon laserexcitation in combination with confocal scanning microscopy to detect
tetrapyrroles in vivo. By using this method and by HPLC quantiﬁcation
of fractionated cells Mg-ProtoIX/Mg-ProtoIX-ME was detected in the cy-
tosol during stress conditions and it was proposed that the tetrapyrroles
are transported across the membrane acting as putative signaling
metabolites [23,53]. However, the route(s) for transport of any tet-
rapyrroles from the chloroplast or the components involved in the
transport are still unknown. In order to investigate whether accu-
mulation of Mg-ProtoIX is itself an important part of the
tetrapyrrole-mediated signal, cytosolic ligands of Mg-ProtoIX
were isolated from a proteomic study [52] and interactions be-
tween Mg-ProtoIX and a large number of proteins associated with
oxidative stress responses were identiﬁed, consistent with the ob-
served accumulation of Mg-ProtoIX and Mg-ProtoIX-ME under
those conditions [23,25,33,51–54]. In addition, a regulatory sys-
tem, including HSP90 proteins and the transcription factor HY5,
that is modiﬁed by tetrapyrroles in response to oxidative stress
was suggested [33] (Fig. 1). This is analogous to the regulatory
HSP70-HSP90-HAP1 complex in yeast that responds to heme accu-
mulation and controls the oxidative response [63,64]. Similar to
the accumulation of Mg-ProtoIX/Mg-ProtoIX-ME in plants, heme
accumulation in yeast is an indicator of changes in the environ-
ment and heme acts as a molecular switch between anaerobic and
aerobic growth. Tetrapyrrole binding was shown to inhibit the HSP90
ATPase activity [33] and in addition, the speciﬁc gun phenotype was
strongly reduced in gun5-HSP90RNAi plants suggesting that HSP90 pro-
teins respond to the GUN5 signal and that HSP90 proteins are required
for PhANG expression in the gun5mutant under stress conditions. In ad-
dition, the hy5mutant demonstrated a gun phenotypewhen exposed to
oxidative stress suggesting that HY5 acts downstream of the GUN5
signal [33]. Furthermore, the hy5 mutant was also insensitive to the
treatment with the inhibitor of HSP90, geldanamycin (GDA)
supporting the link between HY5 and HSP90 (Fig. 1). Thus, HSP90
and HY5 have been identiﬁed as two additional components in the
GUN5 pathway and further analysis of the GUN5–HSP90–HY5 path-
way will elucidate the mechanism involved in the regulation of
PhANGs in response to perturbations of the tetrapyrrole biosynthesis.
Although the role of Mg-ProtoIX as a signaling component has been
challenged no alternative model has so far been supported by data
and there may yet be a role for Mg-ProtoIX in regulating nuclear
gene expression in, for example, responses to ROS and other stresses
[65,66].
2.1.2. Heme, a tentative signal inducing PhANG expression during
seedling development
Accumulation of the tetrapyrrole heme regulates gene expression
in animal and yeast cells [64,67–69]. Similarly, in Chlamydomonas
reinhardtii, feeding of heme to cultures in the dark activated expres-
sion of HSP70A whereas ProtoporphyrinIX and Protochlorophyllide
had no effect [24,29]. The induction HSP70A expression was mediated
by the same plastid response element (PRE) in the HSP70A promoter
that has been shown to mediate induction by Mg-ProtoIX and light. In
an extensive study of the expression proﬁles following feeding with
heme and Mg-ProtoIX it was demonstrated that feeding with tetra-
pyrroles triggered global changes in the gene expression and almost
1000 genes changed their expression level signiﬁcantly upon feeding
of Mg-ProtoIX or heme [70].
A newArabidopsis gain-of-functionmutant, gun6-1D, with a pheno-
type similar to the gun2–gun5 mutants with high PhANG expression
compared to wild type when grown on norﬂurazon has recently been
reported [32]. In the gun6-1D mutant, a T-DNA insertion 8 kb from
the gene encoding the plastid ferrochelatase 1 (FC1, heme synthase)
cause a 3-fold increase in both FC1 expression and in total plastid
ferrochelatase activity [32]. Interestingly, over-expression of the second
plastid ferrochelatase, FC2 failed to increase PhANG expression. Thus, in
contrast to the FC1 OX lines, the FC2 OX lines did not exhibit a gun
Fig. 1.Metabolites as plastid signaling molecules. Heme and Mg-ProtoIX have been suggested to regulate nuclear gene expression. Heme acts as a positive regulator of PhANGs al-
though the exact mechanism in which this compound reaches the nucleus or the different components that mediate the signal to the nucleus are unknown. Mg-ProtoIX accumu-
lates under oxidative stress due the high sensitivity to ROS of the cyclase complex. Interaction between Mg-ProtoIX and HSP90 inactivates the ATPase activity of HSP90 resulting in a
HY5 dependent repression of PhANG expression. Plant stress triggered by drought or high light inhibits the activity of SAL1 promoting accumulation of PAP in the chloroplast. PAP
blocks XNR2 and XNR3 activities and thereby induces gene expression associated with stress response mechanisms. PTM is a general stress sensor in the outer envelope membrane
of the chloroplast. A GUN1-mediated response activates a proteolytic mechanism where the N-terminal part of the protein N-PTM is released. The PTM peptide is able to travel to
the nucleus to modulate nuclear gene expression by inducing the ABI4 transcription factor.
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inactive in the norﬂurazon-treated plastids or that the FC2-produced
heme is allocated differently within the plastids [32]. Even though
both FC1 and FC2 are localized to the plastid, their sequences and ex-
pression proﬁles suggest functional differences [71–73]. FC2 contains
a regulatory hydrophobic C-terminal LHC motif associated with light
harvesting complexes [74]. Genetic and biochemical experiments pres-
ented by Woodson et al. [32] suggest that increased ﬂux through the
heme branch of the plastid tetrapyrrole biosynthetic pathway increases
PhANG expression. These authors proposed a model where healthy
plastids emit heme produced speciﬁcally by the FC1 enzyme as a posi-
tive signal. This signal controls PhANG expression and in the absence
of this signal, the plant cannot sustain normal growth responses [32].
Surprisingly, the gun6-1Dmutant did not show a signiﬁcant increase
in heme levels compared to wild type. It was suggested that FC1 con-
tributes to a speciﬁc pool of heme that may be used as a retrograde sig-
nal and that is responsible for the regulation of PhANG expression
(Fig. 1). The synthesis of tetrapyrroles is complex and the pathway is
regulated atmultiple levels and involves separate pools of products. Ac-
cumulation the tetrapyrrole Mg-ProtoIX/Mg-ProtoIX-ME has been
shown to be rapid and transient [23,33] and this could also be the
case for heme. Furthermore, it has been suggested that accumulation
of tetrapyrroles in a speciﬁc cellular compartment is the source of the
plastid signal [43]. It is also possible that damaged plastids in the
gun6-1Dmutant accumulate lessMg-ProtoIX compared towild type. In-
creased FC1 activity would reduce Mg-ProtoIX levels by reducing theProtoIX availability. Furthermore, an alternative explanation for the
gun5 phenotype under oxidative stress could also be an increased
heme content in the gun5mutant. Detailed analysis of the tetrapyrrole
levels in these different genetic backgrounds under different growth
conditions will reveal the exact mode of signaling involved in the tetra-
pyrrole mediated pathway.
To play a signaling role heme and/or Mg-ProtoIX must be emitted
from the plastids but like Mg-ProtoIX, heme is cytotoxic in an un-
bound state. In Arabidopsis, a tryptophan-rich sensory protein
(TSPO) was shown to play a role in porphyrin binding and scavenging
during plants stress [75]. It was also recently shown that TSPO binds
heme in vitro and in vivo, and the membrane associated TSPO may
therefore play a role in heme trafﬁcking and signaling during plastid
development. In support of this, it was shown that TSPO from the
photosynthetic bacterium Rhodobacter sphaeroides is involved in the
regulation of photosynthetic gene expression and that this function
of TSPO may be related to the efﬂux of speciﬁc porphyrins that are in-
termediates in photopigment biosynthesis [76].
2.2. Phosphoadenosine phosphate, a signaling metabolite involved in
drought response
A novel retrograde signaling role was recently assigned to phos-
phonucleotide 3′‐phosphoadenosine 5′‐phosphate or PAP [77]. PAP
accumulates in the chloroplast under drought or exposure to excess
light and functions as a mobile signal that alters RNA metabolism by
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duction of stress-induced genes such as APX2 and ELIP2 [77].
The role of PAP as a signaling metabolite was discovered from the
characterization of mutants with altered expression of APX2. The al-
tered APX2 expression 8 (alx8) mutant was identiﬁed in a screen for
mutants with impaired regulation of APX2 [78,79]. The alx8mutant ex-
hibits constitutive upregulation of APX2 along with constitutive
upregulation of asmuch as 25% of theHL-regulated transcriptome com-
pared to wild type. In addition, those transcripts show hyperexpression
upon exposure to high light [78,79]. Furthermore, 70% of the genes in-
duced in response to excess light are also upregulated by drought
[80]. Consequently, the alx8 mutant was found to be drought tolerant,
thus, surviving water deprivation signiﬁcantly better than wild-type
plants [77]. The alx8 mutant has a lesion in the SAL1/ALX8/FRY1 gene
[79,81]. SAL1 is a phosphatase that hydrolyzes a phosphate group
from both phosphonucleotides and inositol polyphosphates in vitro
[82,83]. The phosphonucleotide 3′‐phosphoadenosine 5′‐phosphate or
PAP is produced from PAPS during sulphation reactions catalyzed by
sulfotransferases [84]. SAL1 dephosphorylates PAP to AMP and in this
way regulates the amount of PAP in the plant cell. PAP accumulated
20-fold in the alx8mutant compared to wild-type plants, which is sim-
ilar to the 30-fold increase in PAP seen in wild type when exposed to
drought and HL [77].
SAL1 was conclusively demonstrated to be localized to the chloro-
plast and mitochondria using three different methods; full-length
SAL1 fused to GFP at the C-terminus accumulated in both chloroplasts
and mitochondria of transiently transformed Arabidopsis cells, stable
transgenic lines with SAL1:GFP fusion protein showed SAL1 in both
organelles, and cellular fractionation also demonstrated SAL1 locali-
zation in the mitochondria and the chloroplast. It is possible that
the activity of SAL1 in the chloroplast is inhibited by stresses such
as drought and excess light, resulting in an accumulation of PAP trig-
gering changes in nuclear gene expression as demonstrated by the
changed expression of ELIP2 and APX2 in the alx8 mutant (Fig. 1). Al-
though other plastid signals are triggered by stress e.g. tetrapyrrole
mediated signal(s) or the signal triggered by inhibitors of plastid
translation, there is little overlap between the PAP dependent trans-
criptome and other plastid signal triggered transcriptomes suggesting
that the signal triggered by PAP is speciﬁc.
PAPwas shown in yeast to inhibit the activity of the exoribonucleases
(XRNs) and in thisway alter RNA catabolism [85]. In Arabidopsis, the XRN
gene family has three members: XRN2, XRN3 and XRN4. XRN2 and
XRN3 are orthologs of the yeast Xrn2p/Rat1p and are localized to
the nucleus whereas XRN4 is cytosolic and a functional ortholog of
the yeast Xrn1p [86]. Excised hairpin loops that form part of precur-
sor miRNA transcripts have been identiﬁed as substrates of XRN2
and XRN3. Transcripts for 19 genes that are conﬁrmed targets of
miRNAs were increased by at least threefold in the alx8mutant com-
pared to wild type suggesting that XRN2/XRN3‐regulated genes re-
spond to PAP accumulation. Furthermore, the drought tolerance,
molecular and morphological phenotypes of the xrn2xrn3 double
mutant and the alx8mutant are similar suggesting that PAP accumu-
lation can also inhibit XRN function in plants [85] (Fig. 1).
To reach the nucleus and inhibit the XRNs PAP must exit the
chloroplast and enter the nucleus. In support of this, it was demon-
strated that SAL1 targeted to the nucleus fully complemented the
alx8/sal1 mutant phenotypes, including total leaf PAP levels, gene
expression and drought tolerance. This suggests that PAP can move
between cellular compartments. Two potential mechanisms for the
SAL1-PAP-XRN pathway are suggested by the authors, ﬁrst, XRNs
may alter mRNA levels by altering small and/or cleaved RNA pools
or, alternatively, XRNs alter gene transcription by affecting transcrip-
tion termination [77]. To elucidate the underlying gene regulatory
mechanisms triggered by the SAL1-PAP-XRN pathway and to
indentify the substrates for the nuclear XRNs are exciting tasks for
the future.3. Plastid signals related to photosynthetic electron
transport activity
Changes in chloroplast homeostasis are closely associated with
changes in photosynthetic activity and increases in the levels of reac-
tive oxygen species (ROS). Changes in the redox status of the photo-
synthetic electron transport chain (PETC) trigger retrograde signaling
processes. The signals linked to photosynthetic electron transport ac-
tivity are responsible for the well-coordinated expression of photo-
synthesis genes encoded in both the plastids and the nucleus.
Furthermore, these signals are important for the proper handling of
incoming light energy during the greening process of young seedlings
and for adult plants to acclimate to adverse growth conditions. There
are at least three different retrograde signals related to photosynthe-
sis 1) accumulation of 1O2 2) an exacerbated production of the O2•−
and accumulation of its more stable product H2O2 3) an overreduced
plastoquinone pool and/or a change in the redox status of the accep-
tor or donor side of PSI.
Given the nature of the photosynthetic process it is difﬁcult to ad-
dress ROS- and the redox-mediated retrograde signaling pathways as
independent autonomouspathways sincemost likely theirmodes of ac-
tion are interconnected. Thus, the retrograde signals triggered by
changes in the photosynthetic electron transport activity should be
evaluated as a network sensitive to different factors, environmental
and developmental, thatmodulate the intensity and quality of themes-
sage from the plastids to the nucleus. With this in mind, the following
two sections will present the ROS and the redox based retrograde sig-
naling pathways operating both during early developmental stages
(biogenic) and in the adult stage to face changing environmental condi-
tions (operational control) [18].
3.1. ROS, a cocktail of singlet O2 and H2O2
At high irradiances, and other stress conditions that affect photo-
synthetic electron transport rate, the equilibrium between produc-
tion and scavenging of ROS is perturbed, resulting in a transient
increase in ROS levels [87]. The ROS generated in chloroplasts are sin-
glet oxygen (1O2) by PSII and the superoxide anion (O2•−) formed at
PSI due to an over-reduction of electron carriers, leading to the reduc-
tion of oxygen (the Mehler reaction). The accumulating O2•− is me-
tabolized to H2O2 [88,89]. The damaging effects of ROS are oxidation
of lipids, proteins and enzymes necessary for the proper function of
the chloroplast and the cell as a whole [90]. Plants have developed
several strategies to protect themselves against excess ROS. Caroten-
oids, tocopherols, glutathione and ascorbate are all ROS scavengers
[91]. ROS converting enzymes such as superoxide dismutase (SOD),
ascorbate peroxidase (APX), catalase (CAT), glutathione peroxidases
(GPX), and peroxiredoxin (PrxR) that can dismutate O2 radicals and
scavenge H2O2 play an important role as ROS defense mechanisms
[91,92]. Although the different forms of ROS cause similar cellular
damage [93], the different ROS activate distinct signaling pathways.
The plastids are considered as one of the main sources of ROS and
under stress conditions or during plastid development, the produc-
tion of ROS is enhanced leading to global changes in gene expression
initiated to avoid irreversible damage to biomolecules. Although cop-
ing with ROS is a priority to avoid oxidative damage, it has become
clear that modulation of ROS concentrations should not interfere
with their functions as second messengers in stress signaling [88].
3.1.1. A cure for the ﬂu
A speciﬁc function for 1O2 in retrograde communication was dis-
covered by the conditional ﬂuorescent mutant, ﬂu, of Arabidopsis
[94]. FLU is a nuclear-encoded plastid membrane associated protein
that acts as a negative regulator of the synthesis of δ-aminolevulinic
acid (ALA) in the tetrapyrrole biosynthetic pathway. The ﬂu mutant
demonstrates an over-accumulation of protochlorophyllide (Pchlide)
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an oxidative bust of 1O2 (Fig. 2). The release of 1O2 primarily activates
genes encoding components involved in cell death and less than 15%
of the 1O2-responsive genes encode plastid proteins [95,96]. Thus, the
1O2-mediated pathway may primarily be used for general stress
responses rather than genome coordination. A similar 1O2 burst, al-
though at a much lower level, is produced by the P680 chlorophylls
in the reaction centre of PSII when plants are exposed to excess
light [97] (Fig. 2). Transcriptome analysis using the ﬂu mutant and
wild type plants treated with paraquat or methyl viologen (MV),
which catalyses the monoelectronic photoreduction of O2 to generate
superoxide (O2•−) and H2O2, demonstrated that 1O2 activates a dis-
tinct set of genes that is different from those induced by superoxide,
(O2•−) and/or H2O2. In addition, it was demonstrated that H2O2 an-
tagonizes the 1O2‐mediated stress responses observed in the ﬂu mu-
tant [98,99]. 1O2 is very reactive and has a very short half-life
(200 ns) [100,101] suggesting that the singlet oxygen derived plastid
signal must exit the chloroplast in a different form. Possibly the sin-
glet oxygen derived plastid signal includes second messengers suchFig. 2. Plastid signals related to photosynthetic electron transport activity. At least three diffe
of 1O2 2) an exacerbated production of the O2•− and accumulation of its more stable produc
acceptor or donor side of PSI. Protochlorophyllide (Pchlide), accumulates in the ﬂumutant an
burst is produced by PSII following exposure to high light. EXECUTER 1 and 2 (EX1, EX2) ha
regulating a large number of genes associated with cell death. A monoelectronic reduction
induced by treatment with paraquat/methyl viologen (MV). O2•− is enzymatically conver
that detoxify H2O2 using ascorbate as a substrate. The thylakoid-anchored ascorbate peroxida
of APX (cAPX) control of the cytosolic H2O2 concentration. H2O2 regulates the expression
inﬂuence on the expression of APX2. The redox state of the PETC is modiﬁed by the inhibito
is a plastoquinol terminal oxidase and transfers electrons from the PQ pool tomolecular oxyg
biogenesis when the electron transport chain is not yet fully assembled and functional. PRIN2
(PEP). Redox imbalanced mutants (rimb) demonstrate a mis-regulation of cys-peroxiredoxias compounds related to the oxidation of linonelic acid. This is
supported by the high levels of the free hydroperoxides of linolenic
acid (13-HOTE) observed in the ﬂu mutant [102,103]. In addition, ca-
rotenoids are considered to be the main singlet oxygen quenchers in
the plastids and it was recently demonstrated that light stress induces
oxidation of β-carotene in Arabidopsis plants and consequent, accu-
mulation of β-cyclocitral. This carotenoid derived compound was
found to induce changes in expression of a large number of genes
that have been identiﬁed as singlet oxygen responsive genes. Thus,
β-cyclocitral represents another likely messenger involved in the sin-
glet oxygen signaling pathway in plants [104].
EXECUTER1 and EXECUTER2 are twoplastid-localized proteins identi-
ﬁed through a screen for ﬂu suppressormutants. The executer1/ﬂu double
mutant over accumulates 1O2 but abrogates the stress responses of the ﬂu
mutant [96]. However, inactivation of the EXECUTER1 gene in the ﬂumu-
tant background is not sufﬁcient to fully suppress 1O2‐induced changes in
nuclear gene expression. Inactivation of both EXECUTER1/2 proteins in
the ex1/ex2/ﬂu triple mutant did provide full suppression of the 1O2‐
induced genes suggesting that the singlet oxygen derived plastid signalrent retrograde signals related to photosynthesis have been described 1) accumulation
t H2O2 3) an overreduced plastoquinone pool and/or a change in the redox status of the
d produces an oxidative bust of 1O2when themutant is transferred to light. A similar 1O2
ve been identiﬁed as downstream components of the 1O2 dependent signaling process
of O2 generates the radical superoxide (O2•−), accumulation of this radical can also be
ted to H2O2 by the superoxide dismutase (SOD). Ascorbate peroxidases are enzymes
se (tAPX) is involved in the breakdown of H2O2 to H2O in plastids and cytosolic isoforms
of genes involved in plant development and stress responses with a particular strong
rs DCMU and DBMIB and is correlated with changes in the expression of PhANGs. PTOX
en and therebymodulates the redox status of PQ. PTOX is crucial during early chloroplast
links redox regulation of PhANGs to the activity of the plastid encoded RNA polymerase
n, 2CPA in response to the redox state of the PSI acceptor side.
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(Fig. 2). Another suite of ﬂu suppressor mutants named soldat (singlet
oxygen-linked death activator) were obtained in a second screen for mu-
tants that abolished 1O2-dependent cell death without affecting proto-
chlorophyllide accumulation [106–109]. The described loci SOLDAT8 and
SOLDAT10 were identiﬁed as the sigma factor 6 (SIG6) subunit of the
plastid-encoded RNA polymerase (PEP) and a plastid-localized pro-
tein related to the human mitochondrial transcription termination
factor mTERF, respectively. The phenotype of the soldat8 mutant
was explained by fact that the reduced transcription of chloroplast
encoded photosynthesis genes induced a stress acclimation response
giving rise to the suppression of cell death in the ﬂu seedlings [108].
In soldat10, plastid-speciﬁc rRNA levels were decreased and protein
synthesis in the plastids of soldat10 was attenuated resulting in a
suppression of cell death similar to that observed in soldat8 [109].
Thus, the components described by the soldat mutants were general
components essential for chloroplast function and not signaling
components speciﬁcally involved in the 1O2-triggered cell death re-
sponse. Another screen designed to identify novel regulatory compo-
nents of the 1O2-responsive AAA-ATPase promoter was performed in
the ﬂu background transformed with the LUCIFERASE reporter gene
under the control of the AAA-ATPase promoter (Baruah et al. [106]). A
mutantwith constitutively high luciferase activity constitutiveactivators
of AAA-ATPase was described (caa) that encoded PLEIOTROPIC RE-
SPONSE LOCUS 1 (PRL1) [107]. This nuclear WD-repeat protein has
been assigned a role in plant innate immunity response against patho-
gens and was identiﬁed as a component of the conserved proteolytic
NTC/MAS complex together with CDC5 and MOS4 [110–112]. The
same mis-regulation of AAA-ATPase was reported for mutants for
each of the other components of the complex, indicated that the NTC/
MAS complex, rather than PRL1 speciﬁcally, is responsible of the repres-
sion of AAA-ATPase expression [107].
Although the ﬂu mutant allowed identiﬁcation of some important
players involved in plant cell death, the sudden and immense burst of
1O2 observed in the ﬂumutant is distinct fromwhat a plant experiences
during physiological stress conditions. A more physiological stress con-
dition to study 1O2-induced signaling, without development of exten-
sive cell death, was described by Alboresi and coworkers [113]. The
experimental model used was the npq1lut2 double mutant that lacks
the quencher molecules lutein and zeaxanthin and shows a reduced
ability to dissipate excess energy by NPQ. Following exposure to high
light and low temperatures npq1lut2 increased the production of 1O2
compared to wild type. Furthermore, the site of 1O2 accumulation was
shown to be the reaction centre of PSII, validating the physiological rel-
evance of this model in comparison to the ﬂu mutant. When the gene
expression proﬁle in response to high light and low temperature was
investigated in the npq1lut2 double mutant, a smaller number of
genes where differently expressed in npq1lut2 compared to what was
shown in the ﬂumutant [113]. Even so, the induction of genes encoding
lipases, fatty acid desaturases associated with jasmonic acid (JA) pro-
duction and EX2was shared between npq1lut2 and the ﬂumutant indi-
cating a similar response. For future studies, the npq1lut2 mutant
background in combination with a reporter gene under the control of
a 1O2-responsive promoter would be a promising system to screen for
true signaling components of the 1O2-pathway.
Cross-talk between H2O2- and 1O2-dependent signaling path-
ways was suggested to contribute to the ﬁne-tuning of the re-
sponse to environmental stress [99]. Reduction of the plastidic
pool of H2O2 by overexpression of a thylakoid-bound peroxidase
enhanced the 1O2-mediated response of cell death and growth ar-
rest typically observed in the ﬂu mutant. Comparative analysis of the
transcriptomes in response to speciﬁc ROS also demonstrated that 1O2
accumulation triggered changes to a particular set of genes and a
speciﬁc cellular response that is, in part, antagonistic to the H2O2 re-
sponse [98]. However, a possible physiological explanation for this
could be that H2O2 is able to keep QA in an oxidized state and therebyfavors electron movement from PSII, keeping the 1O2 release from PSII
low [97,99,114].
3.1.2. H2O2, a source of oxidative stress and a second messenger
Plastids are important sites of production of H2O2 [115] and the pro-
duction and accumulation of H2O2 under normal cellular metabolism is
correlatedwith a tight regulation of the complex network of scavenging
mechanisms [116]. However, under stress conditions the equilibrium
between production and scavenging of H2O2 is perturbed, resulting in
a transient increase in H2O2 levels. Increases in foliar H2O2 concentra-
tions have been shown to be important for the induction of the ascor-
bate peroxidase gene, APX2, and for the expression of a number of
genes involved in plant development and stress responses [117,118]
(Fig. 2).
The importance of H2O2 accumulation in signaling has been con-
ﬁrmed by the unexpected phenotypes of mutants with compromised
levels of H2O2-scavenging enzymes [119]. These mutants demon-
strated an increased tolerance to oxidative stress generated by a con-
stitutive activation of an acclimation process triggered by the
accumulation of H2O2. H2O2 is thought to move across biological
membranes through aquaporins [120] and chloroplast-derived H2O2
could therefore directly inﬂuence the functions of cytosolic signaling
components. The role for H2O2 as an intracellular signaling molecule
was demonstrated by its local control of the expression of APX2 in
the response of plants exposed to excess light [89,121] and as an ini-
tial signal for the propagation of systemic responses to a wide range
of stress conditions [121–123]. Studies of isolated thylakoid mem-
branes and intact chloroplasts showed that even under low light con-
ditions, part of the plastid-produced H2O2 reached the cytosol,
supporting the importance of the H2O2 produced in the plastids in a
wide array of stress responses [120,124].
The induction APX2 expression is one of the most commonly used
markers for the H2O2 response, and screens for mutants with altered
expression of APX2 have been performed. The rax1-1 (regulator of
APX2 1‐1) mutant showed a constitutive expression of cAPX2 similar
to that observed in wild type plants following exposure to excess
light or wounding [125]. The rax1-1 was shown to have a mutation
in the gene encoding GLUTAMYLCYSTEINE SYNTHETASE 1 (GSH1),
which is the enzyme that catalyses the key regulatory step in the bio-
synthesis of glutathione, a major cellular antioxidant and ROS scaven-
ger [126]. Two other alleles of this mutant, cad2-1 and rml1 were
described previously [127,128]. The rax1-1 mutant suggested that
there is a link between the levels of glutathione and the expression
of other components of the plant antioxidant defense such as APX2
[125]. Analysis of the expression proﬁle of rax1-1 when grown
under normal growth conditions also showed an induction of the
genes encoding the stromal enzymes of the ascorbate cycle and ferri-
tin. No increase in the levels of H2O2 could be detected in rax1-1 com-
pared to wild type, suggesting a more complex regulation of APX2.
Possibly modiﬁcations of thiol groups independent of ROS or in-
creased levels of the signaling metabolite PAP (see previous section)
could be involved in the regulation of APX2 expression. Crosstalk be-
tween GSH and H2O2 has been suggested by overlapping gene expres-
sion proﬁles of plants with increased levels of H2O2 (catalase cat2
mutant) and oxidized glutathione (GSSG) (glutathione reductase 1
gr1 mutant), respectively [129–131].
Although the importance of the control and modulation of the cy-
tosolic H2O2 content is clear, we have just started to discover that the
source of the H2O2 signal can determine the cellular response. There
is an increasing number of reports suggesting that it is necessary for
the plant to perceive the signature of the ROS signal to trigger the cor-
rect change in gene expression. In other words, there is an unknown
mechanism by which the plant cell can recognize the origin of a spe-
ciﬁc ROS signal and trigger the appropriate response [132]. Microar-
ray data from mutants impaired in different antioxidant enzymes
such as catalase, Cu/ZnSOD, APX1 and AOX were compared to
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oxisomes, plastids, cytosol andmitochondria, respectively [98]. In this
microarray-based study the selectivity and speciﬁcity of ROS signal-
ing was demonstrated by distinctive transcriptome proﬁles generated
by ROS signals of different origins [98]. Evidence for cross-talk be-
tween ROS of different origin was provided by the role of the apo-
plastic ROS-producing enzyme NADPH oxidase RbohD in ROS
signaling during pathogen response [133]. The Arabidopsis Enhanced
Disease Susceptibility1 (EDS1) regulates defense and cell death
against biotrophic pathogens and controls cell death propagation in
response to chloroplast-derived ROS [134,135]. Chloroplastic ROS sig-
nals are processed by EDS1 to produce counter-balancing activities of
salicylic acid (SA) and RbohD in the control of cell death. Hence, the
ROS signal generated by photooxidative stress will initiate two oppo-
site reactions; onset of the cell death program or an acclimation re-
sponse, depending on the origin and strength of the signal. While
RbohD triggers an oxidative burst of H2O2 from the apoplast linked
to the start of the cell death program, EDS1 antagonizes this reaction
by promoting accumulation of H2O2 in the plastid [134]. These results
emphasize the need to identify the production sites of ROS more pre-
cisely [136].
3.2. Signals triggered by the redox state of components in the photosyn-
thetic electron transport chain
A coordinated response of photosynthesis related genes encoded
both in the nucleus and the chloroplast is essential both under bio-
genic or operational conditions. Photosynthetic electron transport is
central to this coordination of gene expression. Thus, the ﬁrst steps
of energy metabolism in the plant are at the same time sensors con-
trolling photosynthetic activity. The lack of well-characterized com-
ponents identiﬁed from mutants has left the ﬁeld in debate over
whether the actual site of sensing and control is in the photosynthetic
electron transport chain (PETC), the redox state of speciﬁc stromal
component(s) and/or the metabolic status of the chloroplasts [137].
However, recent reports indicate a strong correlation between the
redox status of PETC and regulation of gene expression in both the
nucleus and the chloroplast [138–140].
3.2.1. The redox state of the PQ pool
The ﬁrst report that demonstrated a connection between
the redox state of the plastoquinone (PQ) pool and expression of nu-
clear encoded photosynthesis genes came from pioneering studies
with the algae Dunaliella tertiolecta [141]. The redox state of the PQ
pool was modiﬁed by two different inhibitors of photosynthetic elec-
tron transfer; 3-(3,4-dichlorophenyl)-1,1-dimethylurea (DCMU) and
2,5-dibromo-3-methyl-6-isopropyl-benzoquinone (DBMIB). DCMU
blocks the ﬂow of electrons from PSII to PQ leaving PQ oxidized, and
DBMIB inhibits electron transfer from PQ to the cytochrome b6f com-
plex resulting in a more reduced PQ pool [141]. In this elegant piece of
work, it was put forward that these inhibitors generated antagonistic
signals leading to an increase (DCMU) or decrease (DBMIB) of LHCB
expression. A model was proposed where the redox state of PQ was
sensed in order to modulate the capacity to harvest and funnel light
energy into the reaction centre of PSII (Fig. 2). Similar acclimatory re-
sponses were observed also in Dunaliella salina and Chlorella vulgaris
when exposed to low temperature under moderate light intensities to
mimic high light conditions, suggesting that the mechanisms of pho-
tosynthetic adjustment are regulated by the redox poise of inter-
system electron transport as reﬂected by changes in excitation
pressure [142–144]. The redox state of PQ was later shown to be cor-
related with the expression of photosynthetic genes encoded also in
the chloroplast [145–147]. In isolated chloroplasts it was demonstrat-
ed by run on transcriptional assays that the ratio between PSII/PSI,
determined by the expression of the plastid encoded genes psaA/B
and psbA, was controlled by light speciﬁcally absorbed by either PSIIor PSI [146]. Thus, similar to what was previously observed in
Dunaliella tertiolecta, the expression of the plastid encoded genes
psaAB and psbA was responding to the redox state of the PQ pool.
However, subsequent detailed analysis of cyanobacteria and
higher plants using the same inhibitors of electron transport and
wavelengths that preferentially excited either PSII or PSI, demonstrat-
ed that the redox state of the PQ pool was not the major source of the
high-light mediated plastid signal [148–150]. Light shift experiments,
combined with DCMU, demonstrated that only 54 Arabidopsis genes
were “ideal redox regulated genes” or regulated directly by the reduc-
tion state of PQ [148]. Among those 54 genes, only 2 genes encoded
components directly associated with photosynthesis. In these experi-
ments Arabidopsis plants at the six-leaf stage were acclimated to spe-
ciﬁc PSII or PSI light, the plants were then shifted to the other light
quality to produce a reduced (PSI-light to PSII-light) or oxidized
(PSII-light to PSI-light) redox signal. A few years later the same
group performed time course experiments to study the role of the
redox state of the PQ pool using microarrays and metabolic proﬁling
[138]. These experiments demonstrated that the reductive redox sig-
nal has a faster kinetics (30 min) than the oxidative signal (2 hr). Fur-
thermore, the two responses and their effects on the transcriptome
and metabolome were not complementary, suggesting that two dif-
ferent pathways are involved in communicating the redox state of
the PETC. In response to a reduction signal, PhANG expression demon-
strated a clear repression after 2 h, but after only 8 h the repression
was diminished [138]. Several functional groups were represented
among the early redox responsive genes, including transcription fac-
tors and protein modiﬁcation factors, whereas the genes responding
somewhat later to the redox changes were genes encoding compo-
nents involved in energy distribution [138]. Taken together, these re-
sults suggest that in addition to that the redox state of PQ is an
important part of retrograde signaling there is a much more complex
signaling mechanism rather than the simple switch between oxidized
and reduced PQ pool [138]. Another important conclusion from the
kinetic experiments is that the observed impact on nuclear gene ex-
pression depends not only on the signaling system that is activated
but also on the time point of observation [138]. This is analogous to
the observed discrepancies in the responses from the tetrapyrrole
mediated signaling (See previous section). Taken together, this ar-
gues for further detailed kinetic analyses of gene expression re-
sponses under different environmental conditions.
Elements on the reducing side of PSI have also been shown to be
important in light regulated modulation of nuclear gene expres-
sion [150]. In addition, the CO2-ﬁxation rate was demonstrated to in-
ﬂuence the expression of nuclear encoded photosynthesis related
genes, suggesting that the metabolic activity of the chloroplast
could also be a source of plastid signals [150]. This suggests that rath-
er than the reduction state of the PQ itself, the generation of metabo-
lites or signaling molecules during photosynthesis could be involved
in the relay of information from chloroplasts to the nucleus. The
ﬁrst true redox imbalanced mutants described were the rimbmutants
[151] (Fig. 2). In the rimbmutants, the expression of the nuclear gene
encoding the antioxidant enzyme 2-cys-peroxiredoxin, 2-CPA, is
uncoupled from the redox state of the PSI acceptor side. It was also
reported that this part of PSI might emit a signal to control the ex-
pression of Ferredoxin isoform under conditions with reduced avail-
ability of oxidized electron acceptors (also known as acceptor side
limitation) [152]. Cloning of the RIMB genes could provide a break-
through in our understanding of the redox-mediated retrograde sig-
naling pathway(s).
So far most of the emphasis regarding the redox-mediated signal
has been associated with responses to changes in the environment
or so called operational control. However, there are also reports
where an imbalance of photosynthetic electron transport is perceived
in the frame of biogenic control, or in other words, during the initial
stages of plastid development. The signals linked to PQ and the
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capable of stopping the plastid developmental process at different
stages. This is shown in the responses of the albino mutant pds3
and the variegated mutant, immutans. The pds3 knockout mutant
lacks phytoene desaturase (PDS) and consequently has impaired syn-
thesis of carotenoids. This defect results in an albino phenotype due
to chloroplast photooxidation [139]. IMMUTANS (IM) or PTOX func-
tions as a versatile plastoquinol terminal oxidase in plastid mem-
branes, where it transfers electrons from the PQ pool to molecular
oxygen. IM is a component of a redox pathway that desaturates phy-
toene where electrons are transferred from phytoene to PQ via PDS,
and from PQ to oxygen via IM [153] (Fig. 2). Initially, IM was de-
scribed as safety valve, similar to the mitochondrial terminal oxidase
AOX, to keep the PQ pool oxidized [154] but IM also inﬂuences plastid
biogenesis by modulating excitation pressure of PSII [155–157]. As
demonstrated by the immutants phenotype, the role of IM is crucial
during early chloroplast biogenesis when the electron transport
chain is not yet fully assembled and functional. A recent model
suggested that the redox state of the PQ pool acts as a rheostat of ex-
citation pressure-mediated retrograde signaling during chloroplast
development and is a determinant of the suite of genes that is
expressed during chloroplast biogenesis [139]. Whether the rheostat
is set high (as in pds3), intermediate (as in im) or low (as in WT) is
a crucial determinant for chloroplast biogenesis [139].
3.2.2. A link between PEP activity and redox regulation of PhANG
expression
Plastid gene expression (PGE) is essential for the initiation of
PhANG expression. Inhibitors of plastid transcription and translation
block the induction of genes encoding light-harvesting complex
apoproteins (LHC) and the small subunit of Rubisco (RBCS)
[14,40,158]. Impaired PGE is mediated to the nucleus by GUN1, a
chloroplast localized pentatricopeptide-repeat (PPR) containing pro-
tein with unknown function [21]. PGE is also under tight redox con-
trol [159] and it has been suggested that redox signals from the
thylakoid membrane control plastid gene expression via complex
networks of phosphorylation events [160]. Phosphorylation of sigma
factors, as well as phosphorylation of the plastid encoded RNA poly-
merase (PEP) itself, has been shown to regulate plastid gene expres-
sion [161,162]. Comparatives studies of the sequences of the
different sigma factors and complementation studies performed on
SIG6-KO plants have shown that reversible phosphorylation of
sigma factors inﬂuences PGE activity in vivo [163]. Furthermore,
SIG6 was shown to be a substrate of the plastid transcription kinase
cpCK2 (PTK/cpCK2) [163,164]. Complementary studies indicated
that the role of SIG1 in PGE is also regulated by its phosphorylation
state and in this case, the sensor kinase CSK has been suggested to
link photosynthetic activity to SIG1 phosphorylation and expression
of photosynthesis genes in the chloroplasts [165]. Another kinase
suggested to be implicated in PGE is the thylakoid protein kinase
STN7 required for state transitions and photosynthetic acclimation
[166,167]. STN7 has been suggested to participate in the implementa-
tion of the redox signal from the chloroplast to the nucleus [167],
however, recent microarray analyses revealed that even though
over 300 genes were expressed differently in the stn7 mutant com-
pared to wild type there were no statistically signiﬁcant differences
in the levels of transcripts of photosynthesis genes between stn7
and wild type. Thus, STN7 kinase activity as such does not directly af-
fect the transcription of PhANGs in Arabidopsis [168,169].
Isolations of plastid transcriptionally active chromosomes (TAC)
have revealed that in addition to the core components of PEP, a large
number of other proteins are required for chloroplast transcription. As
many as forty to sixty proteins appear to be present in the TAC from
chloroplasts [170] suggesting that regulation of plastid gene expression
is both complex and sophisticated. The thioredoxin z (TRXz) was iden-
tiﬁed as a component of the TAC in the plastids [170]. The trxz mutantdemonstrated suppressed expression of PEP dependent genes and the
redox state of TRXz was proposed to regulate the kinases that, in turn,
regulate PEP activity during dark-to-light transitions [171]. In a recent
report also the redox regulation of nuclear encoded photosynthesis
genes was linked to the activity of PEP, suggesting that components as-
sociated with the PEP complex respond to photosynthetic electron
transport and generate a retrograde signal to regulate expression of nu-
clear encoded photosynthesis genes [140]. The novel component
PLASTID REDOX INSENSITIVE2 (PRIN2) was isolated from a screen for
mutants with impaired regulation of PhANG expression following expo-
sure to excess light. The prin2 alleles demonstrated a mis-regulation of
LHCB1.1 and LHCB2.4 in response to excess light and inhibition of pho-
tosynthetic electron transport using the inhibitors DCMU and DBMIB.
Plastid transcriptome analyses demonstrated that PRIN2 is required
for full expression of genes transcribed by PEP [140]. Similar to the
prin2 mutants, the ys1 mutant with impaired PEP activity [172] also
demonstrated a mis-regulation of LHCB1.1 and LHCB2.4 expression in
response to excess light, suggesting that a fully functional PEP complex
is important for correct LHCB expression in response to redox changes
to photosynthetic electron transport [140]. Possibly the PEP complex
generates a retrograde signal enabling the plant to synchronize the ex-
pression of photosynthetic genes from both the nuclear and plastidic
genomes (Fig. 2). Describing the exact mechanism by which the redox
signal(s) is mediated to the nucleus is a challenging and exciting task
for future research.4. Proteins moving from the chloroplast to the nucleus, potential
carriers of chloroplast signals
A major breakthrough was recently published describing a mech-
anism by which chloroplast signals are transduced to the nucleus.
PTM, a transcription factor associated with the chloroplast envelope
membrane, was shown to mediate chloroplast signals regulating
PhANG expression [173]. Membrane-bound transcription factors
(MTFs) have been shown to mediate diverse cellular functions
through an intriguing regulated proteolytic activation mechanism
[174]. The PTM protein has a DNA-binding homeobox domain, a dif-
ferent transcription factors (DDT) domain and a plant homeodomain
(PHD) in its N-terminal and four transmembrane domains in the
C-terminal [173]. Immunoblot analysis revealed that the full-length
PTM was exclusively detected in the chloroplast outer envelope
membrane. In addition, one band with a molecular weight of
~58 kDa, corresponding to the N-terminal fragment without the
transmembrane domains, was detected in the nuclear fraction. Treat-
ments with norﬂurazon and inhibitors of plastid protein synthesis
such as lincomycin, and exposure to high light, increased the detec-
tion of the ~58 kDa band in the nuclear fraction. PTM processing
and detection of the ~58 kDa band was dramatically suppressed by
the serine protease inhibitor pefabloc, indicating that PTM can be
processed by proteases in the chloroplast envelope and released to
the nucleus upon signals triggered by stress [173].
The ptm mutant seedlings showed a gun phenotype similar to the
gun1 and abi4mutants when treated with norﬂurazon and lincomycin.
Following exposure to high light, the ptm mutant also maintained ex-
pression of LHCB, in contrast to wild type where LHCB expression was
signiﬁcantly suppressed [173]. Thus, similar to GUN1 and ABI4, it ap-
pears as if PTMhas a role inmediatingmultiple chloroplast-derived sig-
nals. The AP2-type transcription factor ABI4 was found to bind in close
proximity of the CUF1 element of the LHCB promoter, preventing the
binding of G-box-binding factors required for light-induced expression
of PhANGs [21]. Analysis of the gun1ptm and abi4ptm double mutants
suggested that PTM, GUN1 and ABI4 all act in the same signaling path-
way. Furthermore, it was demonstrated that the gun1 phenotype was
suppressed by constitutive expression of the N-terminal fragment of
PTM (N-PTM). Analysis of the gun1mutant also revealed that the level
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suggesting that GUN1 is important for PTM processing (Fig. 1).
ABI4 expression was reduced in the ptmmutant. The expression level
of ABI4 increased 14-fold in wild type seedlings following exposure to
high light. However, in the presence of the protease inhibitor pefabloc,
the increase was only 4-fold suggesting a link between the release of
the N-PTM and stress induced induction of ABI4 expression. Chromatin
immunoprecipitation (ChIP) assay demonstrated that the PHD domain
of PTM binds to the promoter region of ABI4 and PTM was able to
pull-down methylated histones, H3K4me3. H3K4me3 increased in the
ABI4 promoter when plants were treated with norﬂurazon, lincomycin
or exposed to high light [173]. Thus, the PTM mediated activation of
ABI4 expression, necessary for the suppression of LHCB in response to ret-
rograde signals, is associated with histone modiﬁcations [173]. It is clear
that the chloroplast envelope membrane-bound transcription factor
PTM plays a critical role inmediating stress related signals from the chlo-
roplasts to the nucleus. Intriguingly, transgenic plants over-expressing
the processedN-terminal fragment of PTMdidnot induce a retrograde re-
sponse in the absence of inhibitors or stress suggesting that the regulatory
network involved is complex and that additional stress signals are re-
quired to trigger changes in nuclear gene expression. Future analysis
will hopefully reveal how PTM senses retrograde signals and what path-
ways, e.g. the tetrapyrrole mediated and/or the PEP dependent redox
pathway, depend upon PTM for communication with the nucleus. In ad-
dition determining which protease(s) is involved in the processing of
PTM and how this protease is regulated within the chloroplast will be of
great interest to our understanding of retrograde signaling.
Another protein that has been proposed to move from the chloro-
plast to the nucleus is the Whirly1 protein and a possible retrograde
transfer ofWirly1 was suggested [175]. TheWhirly proteins were iden-
tiﬁed as transcriptional activators (PBF-2) involved in the induction of
the pathogenesis-related nuclear gene PR-10a [176–178]. The Whirly1
protein was shown to be dually located in chloroplasts and nucleus of
the same cell and the proteins were demonstrated to have the same
size both in chloroplasts and the nucleus. However, the movement of
Whirly1 from the chloroplast to the nucleus was demonstrated by
inserting a construct encoding a HA-Whirly1 fusion protein into the
plastid genome of tobacco and although the tagged proteinwas synthe-
sized in the plastids, itwas detected in the nucleus of the transplastomic
tobacco line [175]. In addition, the transplastomic plants showed an
enhanced expression of Whirly1-regulated PR genes under normal
growth conditions without pathogen treatment. However, it is still elu-
sive if a pathogen infection could trigger the retrograde movement of
this transcription modulator to the nucleus or if the wild type version
of theWhirly1 proteinmoves between the chloroplast and the nucleus.
Whirly1 is nevertheless a very interesting candidate for transducing in-
formation from the plastid, where it functions primarily in RNAmetab-
olism [179] to the nucleus where it modulates transcription of stress
responsive genes.5. Concluding remarks
The ﬁeld of plastid-to-nucleus signaling has been very dynamic
over the last few years and, as discussed in this review, there have
been several major breakthroughs leading to a much more advanced
understanding of the mechanisms involved in the communication be-
tween the plastids and the nucleus. The main debate has been wheth-
er there was a true "plastid factor" or if there were simply metabolite
signatures giving rise to changes in nuclear gene expression [137].
This debate has stimulated a number of different researchers in the
ﬁeld to use novel approaches and different experimental models.
These recent ﬁndings, as highlighted in this review, have made it
clear that there are several plastid factors, including tetrapyrroles,
phosphonucleotides and peptides and that these play important and
distinct roles in cellular processes ranging from coordination of cellcycle and coupling of DNA replication to suppression of LHCB associ-
ated with histone modiﬁcations.
Acknowledgements
We apologize to the authors who did not get their work discussed
in this review due to space limitations. Åsa Strand is a Royal Swedish
Academy of Sciences Research Fellow supported by a grant from the
Knut and Alice Wallenberg Foundation.
References
[1] J.N. Timmis, M.A. Ayliffe, C.Y. Huang, W. Martin, Endosymbiotic gene transfer:
organelle genomes forge eukaryotic chromosomes, Nat. Rev. Genet. 5 (2004)
123–135.
[2] J. Soll, E. Schleiff, Protein import into chloroplasts, Nat. Rev. Mol. Cell Biol. 5
(2004) 198–208.
[3] M. Surpin, R.M. Larkin, J. Chory, Signal transduction between the chloroplast and
the nucleus, Plant Cell 14 (2002) 327–338 (Suppl.).
[4] M. Surpin, J. Chory, The co-ordination of nuclear and organellar genome expres-
sion in eukaryotic cells, Essays Biochem. 32 (1997) 113–125.
[5] E. Richly, A. Dietzmann, A. Biehl, J. Kurth, C. Laloi, K. Apel, F. Salamini, D. Leister,
Covariations in the nuclear chloroplast transcriptome reveal a regulatory
master-switch, EMBO Rep. 4 (2003) 491–498.
[6] W.C. Taylor, Regulatory interactions between nuclear and plastid genomes,
Annu. Rev. Plant Phys. 40 (1989) 211–233.
[7] R.E. Susek, F.M. Ausubel, J. Chory, Signal transduction mutants of Arabidopsis un-
couple nuclear CAB and RBCS gene expression from chloroplast development,
Cell 74 (1993) 787–799.
[8] S.P. Mayﬁeld, W.C. Taylor, Carotenoid-deﬁcient maize seedlings fail to accumulate
light-harvesting chlorophyll a/b binding protein (LHCP) mRNA, Eur. J. Biochem.
144 (1984) 79–84.
[9] D.G. Burgess, W.C. Taylor, The chloroplast affects the transcription of a nuclear
gene family, Mol. Gen. Genet. 214 (1988) 89–96.
[10] M.K. Zubko, A. Day, Stable albinism induced without mutagenesis: a model for
ribosome-free plastid inheritance, Plant J. 15 (1998) 265–271.
[11] W.R. Hess, A. Muller, F. Nagy, T. Börner, Ribosome-deﬁcient plastids affect tran-
scription of light-induced nuclear genes: genetic evidence for a plastid-derived
signal, Mol. Gen. Genet. 242 (1994) 305–312.
[12] J.W. Bradbeer, Y.E. Atkinson, T. Börner, R. Hagemann, Cytoplasmic synthesis of
plastid polypeptides may be controlled by plastid-synthesized RNA, Nature
279 (1979) 816–817.
[13] A.P. Fernández, Å. Strand, Retrograde signaling and plant stress: plastid signals
initiate cellular stress responses, Curr. Opin. Plant Biol. 11 (2008) 509–513.
[14] J.A. Sullivan, J.C. Gray, Plastid translation is required for the expression of nucle-
ar photosynthesis genes in the dark and in roots of the pea lip1 mutant, Plant
Cell 11 (1999) 901–910.
[15] Y. Kobayashi, Y. Kanesaki, A. Tanaka, H. Kuroiwa, T. Kuroiwa, K. Tanaka, Tetra-
pyrrole signal as a cell-cycle coordinator from organelle to nuclear DNA replica-
tion in plant cells, Proc. Natl. Acad. Sci. U. S. A. 106 (2009) 803–807.
[16] T.M. Burch-Smith, J.O. Brunkard, Y.G. Choi, P.C. Zambryski, Organelle-nucleus
cross-talk regulates plant intercellular communication via plasmodesmata,
Proc. Natl. Acad. Sci. U. S. A. 108 (2011) 1451–1460.
[17] M. Andriankaja, S. Dhondt, S. De Bodt, H. Vanhaeren, F. Coppens, L. De Milde, P.
Muhlenbock, A. Skirycz, N. González, G.T. Beemster, D. Inzé, Exit from prolifera-
tion during leaf development in Arabidopsis thaliana: a not-so-gradual process,
Dev. Cell 22 (2012) 64–78.
[18] B.J. Pogson, N.S. Woo, B. Forster, I.D. Small, Plastid signalling to the nucleus and
beyond, Trends Plant Sci. 13 (2008) 602–609.
[19] N.P.A. Huner, G. Öquist, F. Sarhan, Energy balance and acclimation to light and
cold, Trends Plant Sci. 3 (1998) 224–230.
[20] J.A. Sullivan, J.C. Gray, The pea light-independent photomorphogenesis1 mutant
results from partial duplication of COP1 generating an internal promoter and
producing two distinct transcripts, Plant Cell 12 (2000) 1927–1938.
[21] S. Koussevitzky, A. Nott, T.C. Mockler, F. Hong, G. Sachetto-Martins, M. Surpin, J.
Lim, R. Mittler, J. Chory, Signals from chloroplasts converge to regulate nuclear
gene expression, Science 316 (2007) 715–719.
[22] H. Dong, Y. Deng, J. Mu, Q. Lu, Y. Wang, Y. Xu, C. Chu, K. Chong, C. Lu, J. Zuo, The
Arabidopsis Spontaneous Cell Death1 gene, encoding a zeta-carotene desaturase
essential for carotenoid biosynthesis, is involved in chloroplast development,
photoprotection and retrograde signalling, Cell Res. 17 (2007) 458–470.
[23] Z.W. Zhang, S. Yuan, H. Feng, F. Xu, J. Cheng, D.W. Zhang, H. Hong, H.H. Lin, Tran-
sient accumulation of Mg-protoporphyrinIX regulates expression of PhANGs:
new evidence for the signaling role of tetrapyrroles in mature Arabidopsis plants,
J. Plant Physiol. 168 (2011) 714–721.
[24] E.D. von Gromoff, A. Alawady, L. Meinecke, B. Grimm, C.F. Beck, Heme, a
plastid-derived regulator of nuclear gene expression in Chlamydomonas, Plant
Cell 20 (2008) 552–567.
[25] Å. Strand, T. Asami, J. Alonso, J.R. Ecker, J. Chory, Chloroplast to nucleus commu-
nication triggered by accumulation of Mg-protoporphyrinIX, Nature 421 (2003)
79–83.
[26] D. Pontier, C. Albrieux, J. Joyard, T. Lagrange, M.A. Block, Knock-out of the mag-
nesium protoporphyrin IX methyltransferase gene in Arabidopsis. Effects on
435J.D. Barajas-López et al. / Biochimica et Biophysica Acta 1833 (2013) 425–437chloroplast development and on chloroplast-to-nucleus signaling, J. Biol. Chem.
282 (2007) 2297–2304.
[27] J. Kropat, E.D. von Gromoff, F.W. Müller, C.F. Beck, Heat shock and light activa-
tion of a Chlamydomonas HSP70 gene are mediated by independent regulatory
pathways, Mol. Gen. Genet. 248 (1995) 727–734.
[28] J. Kropat, U. Oster, W. Rudiger, C.F. Beck, Chloroplast signaling in the light induc-
tion of nuclear HSP70 genes requires the accumulation of chlorophyll precursors
and their accessibility to cytoplasm/nucleus, Plant J. 24 (2000) 523–531.
[29] J. Kropat, U. Oster, W. Rudiger, C.F. Beck, Chlorophyll precursors are signals of
chloroplast origin involved in light induction of nuclear heat-shock genes,
Proc. Natl. Acad. Sci. U. S. A. 94 (1997) 14168–14172.
[30] U. Johanningmeier, S.H. Howell, Regulation of light-harvesting chlorophyll-binding
protein mRNA accumulation in Chlamydomonas reinhardi. Possible involvement of
chlorophyll synthesis precursors, J. Biol. Chem. 259 (1984) 13541–13549.
[31] A.E. Alawady, B. Grimm, Tobacco Mg-protoporphyrinIX methyltransferase is in-
volved in inverse activation of Mg-porphyrin and protoheme synthesis, Plant J.
41 (2005) 282–290.
[32] J.D. Woodson, J.M. Pérez-Ruiz, J. Chory, Heme synthesis by plastid ferrochelatase
I regulates nuclear gene expression in plants, Curr. Biol. 21 (2011) 897–903.
[33] P. Kindgren, L. Norén, J.D. Barajas-López, J. Shaikhali, Å. Strand, Interplay between
HEAT SHOCK PROTEIN 90 and HY5 controls PhANG expression in response to the
GUN5 plastid signal, Mol. Plant (2012), http://dx.doi.org/10.1093/mp/ssr112.
[34] Y. Kobayashi, S. Imamura, M. Hanaoka, K. Tanaka, A tetrapyrrole-regulated
ubiquitin ligase controls algal nuclear DNA replication, Nat. Cell Biol. 13
(2011) 483–487.
[35] K. Enami, T. Ozawa, N. Motohashi, M. Nakamura, K. Tanaka, M. Hanaoka,
Plastid-to-nucleus retrograde signals are essential for the expression of nuclear
starch biosynthesis genes during amyloplast differentiation in tobacco BY-2 cul-
tured cells, Plant Physiol. 157 (2011) 518–530.
[36] N. La Rocca, N. Rascio, U. Oster, W. Rüdiger, Amitrole treatment of etiolated bar-
ley seedlings leads to deregulation of tetrapyrrole synthesis and to reduced ex-
pression of Lhc and RbcS genes, Planta 213 (2001) 101–108.
[37] U. Kittsteiner, H. Brunner, W. Rüdiger, The greening process in cress seedlings. II.
Complexing agents and 5-aminolevulinate inhibit accumulation of cab-mRNA
coding for the light-harvesting chlorophyll a/b protein, Physiol. Plant. 81
(1991) 190–196.
[38] N. Mochizuki, J.A. Brusslan, R. Larkin, A. Nagatani, J. Chory, Arabidopsis genomes
uncoupled 5 (GUN5) mutant reveals the involvement of Mg-chelatase H subunit
in plastid-to-nucleus signal transduction, Proc. Natl. Acad. Sci. U. S. A. 98 (2001)
2053–2058.
[39] P. Puente, N. Wei, X.W. Deng, Combinatorial interplay of promoter elements
constitutes the minimal determinants for light and developmental control of
gene expression in Arabidopsis, EMBO J. 15 (1996) 3732–3743.
[40] R. Oelmüller, H. Mohr, Photooxidative destruction of chloroplasts and its conse-
quences for expression of nuclear genes, Planta 167 (1986) 106–113.
[41] C. Voigt, U. Oster, F. Bornke, P. Jahns, K.J. Dietz, D. Leister, T. Kleine, In-depth
analysis of the distinctive effects of norﬂurazon implies that tetrapyrrole biosyn-
thesis, organellar gene expression and ABA cooperate in the GUN-type of plastid
signalling, Physiol. Plant. 138 (2010) 503–519.
[42] M. Moulin, A.C. McCormac, M.J. Terry, A.G. Smith, Tetrapyrrole proﬁling in
Arabidopsis seedlings reveals that retrograde plastid nuclear signaling is not
due to Mg-protoporphyrin IX accumulation, Proc. Natl. Acad. Sci. U. S. A. 105
(2008) 15178–15183.
[43] N. Mochizuki, R. Tanaka, A. Tanaka, T. Masuda, A. Nagatani, The steady-state
level of Mg-protoporphyrinIX is not a determinant of plastid-to-nucleus
signaling in Arabidopsis, Proc. Natl. Acad. Sci. U. S. A. 105 (2008)
15184–15189.
[44] H.M. Rissler, E. Collakova, D. DellaPenna, J.Whelan, B.J. Pogson, Chlorophyll biosyn-
thesis. Expression of a second CHLI gene of magnesium chelatase in Arabidopsis
supports only limited chlorophyll synthesis, Plant Physiol. 128 (2002) 770–779.
[45] Y.S. Huang, H.M. Li, Arabidopsis CHLI2 can substitute for CHLI1, Plant Physiol.
150 (2009) 636–645.
[46] G. Gálvez-Valdivieso, P.M. Mullineaux, The role of reactive oxygen species in
signalling from chloroplast to the nucleus, Physiol. Plant. 138 (2010)
430–439.
[47] J.M. Mach, A.R. Castillo, R. Hoogstraten, J.T. Greenberg, The Arabidopsis acceler-
ated cell death gene ACD2 encodes red chlorophyll catabolite reductase and
suppresses the spread of disease symptoms, Proc. Natl. Acad. Sci. U. S. A. 98
(2001) 771–776.
[48] U. Keetman, H.-P. Mock, B. Grimm, Kinetics of antioxidative defence responses
to photosensitisation in porphyrin-accumulating tobacco plants, Plant Physiol.
Biochem. 40 (2002) 697–707.
[49] K. Ichinose, C.H.E. Fang-Sik, Y. Kimura, A. Matsunobu, F. Sato, G.S. Yoshida, Selec-
tion and characterization of protoporphyrinogen oxidase inhibiting herbicide
(S23142) resistant photomixotrophic cultured cells of Nicotiana tabacum,
J. Plant Physiol. 146 (1995) 693–698.
[50] C.H. Foyer, P. Descourvières, K.J. Kunert, Protection against oxygen radicals: an
important defence mechanism studied in transgenic plants, Plant Cell Environ.
17 (1994) 507–523.
[51] K.E. Wilson, S.M. Sieger, N.P.A. Huner, The temperature-dependent accumula-
tion of Mg-protoporphyrin IX and reactive oxygen species in Chlorella vulgaris,
Physiol. Plant. 119 (2003) 126–136.
[52] P. Kindgren, M.J. Eriksson, C. Benedict, A. Mohapatra, S.P. Gough, M. Hansson, T.
Kieselbach, Å. Strand, A novel proteomic approach reveals a role for
Mg-protoporphyrinIX in response to oxidative stress, Physiol. Plant. 141
(2011) 310–320.[53] E. Ankele, P. Kindgren, E. Pesquet, Å. Strand, In vivo visualization of
Mg-protoporphyrinIX, a coordinator of photosynthetic gene expression in the
nucleus and the chloroplast, Plant Cell 19 (2007) 1964–1979.
[54] P. Aarti, R. Tanaka, A. Tanaka, Effects of oxidative stress on chlorophyll
biosyntehsis in cucumber (Cucumis sativus) cotyledons, Physiol. Plant. 128
(2006) 186–197.
[55] A. Stenbaek, A. Hansson, R.P. Wulff, M. Hansson, K.J. Dietz, P.E. Jensen,
NADPH-dependent thioredoxin reductase and 2-Cys peroxiredoxins are needed
for the protection of Mg-protoporphyrin monomethyl ester cyclase, FEBS Lett.
582 (2008) 2773–2778.
[56] Y. Yasumura, E.C. Moylan, J.A. Langdale, A conserved transcription factor medi-
ates nuclear control of organelle biogenesis in anciently diverged land plants,
Plant Cell 17 (2005) 1894–1907.
[57] D.W. Fitter, D.J. Martin, M.J. Copley, R.W. Scotland, J.A. Langdale, GLK gene pairs
regulate chloroplast development in diverse plant species, Plant J. 31 (2002)
713–727.
[58] M.T. Waters, P. Wang, M. Korkaric, R.G. Capper, N.J. Saunders, J.A. Langdale, GLK
transcription factors coordinate expression of the photosynthetic apparatus in
Arabidopsis, Plant Cell 21 (2009) 1109–1128.
[59] J.M. Jacobs, N.J. Jacobs, Porphyrin accumulation and export by isolated barley
(Hordeum vulgare) plastids—effect of diphenyl ether herbicides, Plant Physiol.
101 (1993) 1181–1187.
[60] P. Matile, M. Schellenberg, C. Peisker, Production and release of a chlorophyll ca-
tabolite in isolated senescent chloroplasts, Planta 187 (1992) 230–235.
[61] J. Thomas, J.D. Weinstein, Measurement of heme efﬂux and heme content in iso-
lated developing chloroplasts, Plant Physiol. 94 (1990) 1414–1423.
[62] K.A. Kristiansen, A. Khrouchtchova, A. Stenbaek, A. Schulz, P.E. Jensen, Non-
invasive method for in vivo detection of chlorophyll precursors, Photochem.
Photobiol. Sci. 8 (2009) 279–286.
[63] S.M. Mense, L. Zhang, Heme: a versatile signaling molecule controlling the activ-
ities of diverse regulators ranging from transcription factors to MAP kinases, Cell
Res. 16 (2006) 681–692.
[64] L. Zhang, A. Hach, Molecular mechanism of heme signaling in yeast: the tran-
scriptional activator Hap1 serves as the key mediator, Cell Mol. Life Sci. 56
(1999) 415–426.
[65] S.I. Beale, Chloroplast signalling: retrograde regulation revelations, Curr. Biol. 21
(2011) 391–393.
[66] A. Lepistö, E. Rintamäki, Coordination of plastid and light signaling pathways
upon development of Arabidopsis leaves under various phtoperiods, Mol. Plant
(2012), http://dx.doi.org/10.1093/mp/ssr106.
[67] S.L. Forsburg, L. Guarente, Communication between mitochondria and the nu-
cleus in regulation of cytochrome genes in the yeast Saccharomyces cerevisiae,
Annu. Rev. Cell Biol. 5 (1989) 153–180.
[68] K. Ogawa, J. Sun, S. Taketani, O. Nakajima, C. Nishitani, S. Sassa, N. Hayashi, M.
Yamamoto, S. Shibahara, H. Fujita, K. Igarashi, Heme mediates derepression of
Maf recognition element through direct binding to transcription repressor
Bach1, EMBO J. 20 (2001) 2835–2843.
[69] Z. Qi, I. Hamza, M.R. O'Brian, Heme is an effector molecule for iron-dependent
degradation of the bacterial iron response regulator (Irr) protein, Proc. Natl.
Acad. Sci. U. S. A. 96 (1999) 13056–13061.
[70] B. Voss, L. Meinecke, T. Kurz, S. Al-Babili, C.F. Beck, W.R. Hess, Hemin and
magnesium-protoporphyrinIX induce global changes in gene expression in
Chlamydomonas reinhardtii, Plant Physiol. 155 (2011) 892–905.
[71] K.S. Chow, D.P. Singh, A.R. Walker, A.G. Smith, Two different genes encode
ferrochelatase in Arabidopsis: mapping, expression and subcellular targeting of
the precursor proteins, Plant J. 15 (1998) 531–541.
[72] D.P. Singh, J.E. Cornah, S. Hadingham, A.G. Smith, Expression analysis of the two
ferrochelatase genes in Arabidopsis in different tissues and under stress condi-
tions reveals their different roles in haem biosynthesis, Plant Mol. Biol. 50
(2002) 773–788.
[73] T. Suzuki, T. Masuda, D.P. Singh, F.C. Tan, T. Tsuchiya, H. Shimada, H. Ohta, A.G.
Smith, K. Takamiya, Two types of ferrochelatase in photosynthetic and non-
photosynthetic tissues of cucumber: their difference in phylogeny, gene expres-
sion, and localization, J. Biol. Chem. 277 (2002) 4731–4737.
[74] R. Sobotka, M. Tichy, A. Wilde, C.N. Hunter, Functional assignments for the
carboxyl-terminal domains of the ferrochelatase from Synechocystis PCC 6803:
the CAB domain plays a regulatory role, and region II is essential for catalysis,
Plant Physiol. 155 (2011) 1735–1747.
[75] C. Vanhee, G. Zapotoczny, D. Masquelier, M. Ghislain, H. Batoko, The Arabidopsis
multistress regulator TSPO is a heme binding membrane protein and a potential
scavenger of porphyrins via an autophagy-dependent degradation mechanism,
Plant Cell 23 (2011) 785–805.
[76] A.A. Yeliseev, S. Kaplan, A novel mechanism for the regulation of photosynthesis
gene expression by the TspO outer membrane protein of Rhodobacter
sphaeroides 2.4.1, J. Biol. Chem. 274 (1999) 21234–21243.
[77] G.M. Estavillo, P.A. Crisp, W. Pornsiriwong, M. Wirtz, D. Collinge, C. Carrie, E.
Giraud, J. Whelan, P. David, H. Javot, C. Brearley, R. Hell, E. Marin, B.J.
Pogson, Evidence for a SAL1-PAP chloroplast retrograde pathway that func-
tions in drought and high light signaling in Arabidopsis, Plant Cell 23 (2011)
3992–4012.
[78] J.B. Rossel, P.B. Walter, L. Hendrickson, W.S. Chow, A. Poole, P.M. Mullineaux, B.J.
Pogson, A mutation affecting ASCORBATE PEROXIDASE 2 gene expression re-
veals a link between responses to high light and drought tolerance, Plant Cell
Environ. 29 (2006) 269–281.
[79] P.B. Wilson, G.M. Estavillo, K.J. Field, W. Pornsiriwong, A.J. Carroll, K.A. Howell,
N.S. Woo, J.A. Lake, S.M. Smith, A. Harvey Millar, S. von Caemmerer, B.J.
436 J.D. Barajas-López et al. / Biochimica et Biophysica Acta 1833 (2013) 425–437Pogson, The nucleotidase/phosphatase SAL1 is a negative regulator of drought
tolerance in Arabidopsis, Plant J. 58 (2009) 299–317.
[80] M. Kimura, Y.Y. Yamamoto, M. Seki, T. Sakurai, M. Sato, T. Abe, S. Yoshida, K.
Manabe, K. Shinozaki, M. Matsui, Identiﬁcation of Arabidopsis genes regulated
by high light‐stress using cDNA microarray, Photochem. Photobiol. 77 (2003)
226–233.
[81] J. Hirsch, J. Misson, P.A. Crisp, P. David, V. Bayle, G.M. Estavillo, H. Javot, S.
Chiarenza, A.C. Mallory, A. Maizel, M. Declerck, B.J. Pogson, H. Vaucheret, M.
Crespi, T. Desnos, M.C. Thibaud, L. Nussaume, E. Marin, A novel fry1 allele reveals
the existence of a mutant phenotype unrelated to 5′–3′ exoribonuclease (XRN)
activities in Arabidopsis thaliana roots, PLoS One 6 (2011) e16724.
[82] F.J. Quintero, B. Garciadeblás, A. Rodríguez-Navarro, The SAL1 gene of
Arabidopsis, encoding an enzyme with 3′(2′),5′-bisphosphate nucleotidase and
inositol polyphosphate 1-phosphatase activities, increases salt tolerance in
yeast, Plant Cell 8 (1996) 529–537.
[83] L. Xiong, B. Lee, M. Ishitani, H. Lee, C. Zhang, J.K. Zhu, FIERY1 encoding an inositol
polyphosphate 1-phosphatase is a negative regulator of abscisic acid and stress
signaling in Arabidopsis, Genes Dev. 15 (2001) 1971–1984.
[84] M. Klein, J. Papenbrock, The multi-protein family of Arabidopsis sulphotransferases
and their relatives in other plant species, J. Exp. Bot. 55 (2004) 1809–1820.
[85] B. Dichtl, A. Stevens, D. Tollervey, Lithium toxicity in yeast is due to the inhibi-
tion of RNA processing enzymes, EMBO J. 16 (1997) 7184–7195.
[86] J.P. Kastenmayer, P.J. Green, Novel features of the XRN-family in Arabidopsis:
evidence that AtXRN4, one of several orthologs of nuclear Xrn2p/Rat1p, func-
tions in the cytoplasm, Proc. Natl. Acad. Sci. U. S. A. 97 (2000) 13985–13990.
[87] E.F. Elster, Mechanism of oxygen activation in different compartments of plant
cells, In: E.J. Pell, K.L. Steffen (Eds.), Active Oxygen/Oxidative Stress and Plant
Metabolism, American Society of Plant Physiologists, Rockville, 1991, pp. 13–25.
[88] K. Apel, H. Hirt, Reactive oxygen species: metabolism, oxidative stress, and sig-
nal transduction, Annu. Rev. Plant Biol. 55 (2004) 373–399.
[89] P. Mullineaux, S. Karpinski, Signal transduction in response to excess light: get-
ting out of the chloroplast, Curr. Opin. Plant Biol. 5 (2002) 43–48.
[90] C.H. Foyer, J.F. Allen, Lessons from redox signaling in plants, Antioxid. Redox Sig-
nal. 5 (2003) 3–5.
[91] K.K. Niyogi, Photoprotection revisited: genetic and molecular approaches, Annu.
Rev. Plant Physiol. Plant Mol. Biol. 50 (1999) 333–359.
[92] R. Mittler, S. Vanderauwera, M. Gollery, F. Van Breusegem, Reactive oxygen gene
network of plants, Trends Plant Sci. 9 (2004) 490–498.
[93] C.H. Foyer, G. Noctor, Redox homeostasis and antioxidant signaling: a metabolic
interface between stress perception and physiological responses, Plant Cell 17
(2005) 1866–1875.
[94] R. Meskauskiene, M. Nater, D. Goslings, F. Kessler, R. op den Camp, K. Apel, FLU: a
negative regulator of chlorophyll biosynthesis in Arabidopsis thaliana, Proc. Natl.
Acad. Sci. U. S. A. 98 (2001) 12826–12831.
[95] A. Danon, O. Miersch, G. Felix, R.G. Camp, K. Apel, Concurrent activation of cell
death-regulating signaling pathways by singlet oxygen in Arabidopsis thaliana,
Plant J. 41 (2005) 68–80.
[96] D. Wagner, D. Przybyla, R. Op den Camp, C. Kim, F. Landgraf, K.P. Lee, M. Wursch,
C. Laloi, M. Nater, E. Hideg, K. Apel, The genetic basis of singlet oxygen-induced
stress responses of Arabidopsis thaliana, Science 306 (2004) 1183–1185.
[97] A. Krieger-Liszkay, C. Fufezan, A. Trebst, Singlet oxygen production in photosys-
tem II and related protection mechanism, Photosynth. Res. 98 (2008) 551–564.
[98] I. Gadjev, S. Vanderauwera, T.S. Gechev, C. Laloi, I.N. Minkov, V. Shulaev, K. Apel,
D. Inzé, R. Mittler, F. Van Breusegem, Transcriptomic footprints disclose speciﬁc-
ity of reactive oxygen species signaling in Arabidopsis, Plant Physiol. 141 (2006)
436–445.
[99] C. Laloi, M. Stachowiak, E. Pers-Kamczyc, E. Warzych, I. Murgia, K. Apel,
Cross-talk between singlet oxygen- and hydrogen peroxide-dependent signal-
ing of stress responses in Arabidopsis thaliana, Proc. Natl. Acad. Sci. U. S. A. 104
(2007) 672–677.
[100] M. Baier, K.J. Dietz, Chloroplasts as source and target of cellular redox regulation:
a discussion on chloroplast redox signals in the context of plant physiology,
J. Exp. Bot. 56 (2005) 1449–1462.
[101] A.A. Gorman, M.A. Rodgers, Current perspectives of singlet oxygen detection in
biological environments, J. Photochem. Photobiol. B 14 (1992) 159–176.
[102] R.G. op den Camp, D. Przybyla, C. Ochsenbein, C. Laloi, C. Kim, A. Danon, D.
Wagner, E. Hideg, C. Gobel, I. Feussner, M. Nater, K. Apel, Rapid induction of dis-
tinct stress responses after the release of singlet oxygen in Arabidopsis, Plant Cell
15 (2003) 2320–2332.
[103] C. Triantaphylidès, M. Krischke, F.A. Hoeberichts, B. Ksas, G. Gresser, M. Havaux,
F. Van Breusegem, M.J. Mueller, Singlet oxygen is the major reactive oxygen spe-
cies involved in photooxidative damage to plants, Plant Physiol. 148 (2008)
960–968.
[104] F. Ramel, S. Birtic, C. Ginies, L. Soubigou-Taconnat, C. Triantaphylidès, M.
Havaux, Carotenoid oxidation products are stress signals that mediate gene
responses to singlet oxygen in plants, Proc. Natl. Acad. Sci. U. S. A. 109
(2012) 5535–5540.
[105] K.P. Lee, C. Kim, F. Landgraf, K. Apel, EXECUTER1- and EXECUTER2-dependent
transfer of stress-related signals from the plastid to the nucleus of Arabidopsis
thaliana, Proc. Natl. Acad. Sci. U. S. A. 104 (2007) 10270–10275.
[106] A. Baruah, K. Simkova, K. Apel, C. Laloi, Arabidopsis mutants reveal multiple sin-
glet oxygen signaling pathways involved in stress response and development,
Plant Mol. Biol. 70 (2009) 547–563.
[107] A. Baruah, K. Simkova, D.K. Hincha, K. Apel, C. Laloi, Modulation of O-mediated
retrograde signaling by the PLEIOTROPIC RESPONSE LOCUS 1 (PRL1) protein, a
central integrator of stress and energy signaling, Plant J. 60 (2009) 22–32.[108] N.S. Coll, A. Danon, J. Meurer, W.K. Cho, K. Apel, Characterization of soldat8, a
suppressor of singlet oxygen-induced cell death in Arabidopsis seedlings, Plant
Cell Physiol. 50 (2009) 707–718.
[109] R. Meskauskiene, M. Wursch, C. Laloi, P.A. Vidi, N.S. Coll, F. Kessler, A. Baruah,
C. Kim, K. Apel, A mutation in the Arabidopsis mTERF-related plastid protein
SOLDAT10 activates retrograde signaling and suppresses 1O2-induced cell
death, Plant J. 60 (2009) 399–410.
[110] J. Monaghan, F. Xu, M. Gao, Q. Zhao, K. Palma, C. Long, S. Chen, Y. Zhang, X. Li,
Two Prp19-like U-box proteins in the MOS4-associated complex play redundant
roles in plant innate immunity, PLoS Pathog. 5 (2009) e1000526.
[111] K. Nemeth, K. Salchert, P. Putnoky, R. Bhalerao, Z. Koncz-Kalman, B.
Stankovic-Stangeland, L. Bako, J. Mathur, L. Okresz, S. Stabel, P. Geigenberger,
M. Stitt, G.P. Redei, J. Schell, C. Koncz, Pleiotropic control of glucose and hormone
responses by PRL1, a nuclear WD protein, in Arabidopsis, Genes Dev. 12 (1998)
3059–3073.
[112] K. Palma, Q. Zhao, Y.T. Cheng, D. Bi, J. Monaghan, W. Cheng, Y. Zhang, X. Li, Reg-
ulation of plant innate immunity by three proteins in a complex conserved
across the plant and animal kingdoms, Genes Dev. 21 (2007) 1484–1493.
[113] A. Alboresi, L. Dall'osto, A. Aprile, P. Carillo, E. Roncaglia, L. Cattivelli, R. Bassi, Reac-
tive oxygen species and transcript analysis upon excess light treatment in
wild-type Arabidopsis thaliana vs a photosensitive mutant lacking zeaxanthin and
lutein, BMC Plant Biol. 11 (2011), http://dx.doi.org/10.1186/1471-2229-11-62.
[114] B. Karpinska, G. Wingsle, S. Karpinski, Antagonistic effects of hydrogen peroxide
and glutathione on acclimation to excess excitation energy in Arabidopsis,
IUBMB Life 50 (2000) 21–26.
[115] C.H. Foyer, A.J. Bloom, G. Queval, G. Noctor, Photorespiratory metabolism: genes,
mutants, energetics, and redox signaling, Annu. Rev. Plant Biol. 60 (2009)
455–484.
[116] C. Miyake, Alternative electron ﬂows (water-water cycle and cyclic electron
ﬂow around PSI) in photosynthesis: molecular mechanisms and physiological
functions, Plant Cell Physiol. 51 (2010) 1951–1963.
[117] L. Pnueli, H. Liang, M. Rozenberg, R. Mittler, Growth suppression, altered stoma-
tal responses, and augmented induction of heat shock proteins in cytosolic
ascorbate peroxidase (Apx1)-deﬁcient Arabidopsis plants, Plant J. 34 (2003)
187–203.
[118] S. Vanderauwera, P. Zimmermann, S. Rombauts, S. Vandenabeele, C.
Langebartels, W. Gruissem, D. Inzé, F. Van Breusegem, Genome-wide analysis
of hydrogen peroxide-regulated gene expression in Arabidopsis reveals a high
light-induced transcriptional cluster involved in anthocyanin biosynthesis,
Plant Physiol. 139 (2005) 806–821.
[119] R. Mittler, S. Vanderauwera, N. Suzuki, G. Miller, V.B. Tognetti, K. Vandepoele, M.
Gollery, V. Shulaev, F. Van Breusegem, ROS signaling: the new wave? Trends
Plant Sci. 16 (2011) 300–309.
[120] G.P. Bienert, A.L. Moller, K.A. Kristiansen, A. Schulz, I.M. Moller, J.K. Schjoerring,
T.P. Jahn, Speciﬁc aquaporins facilitate the diffusion of hydrogen peroxide across
membranes, J. Biol. Chem. 282 (2007) 1183–1192.
[121] S. Karpinski, H. Reynolds, B. Karpinska, G. Wingsle, G. Creissen, P. Mullineaux,
Systemic signaling and acclimation in response to excess excitation energy in
Arabidopsis, Science 284 (1999) 654–657.
[122] G.P. Bolwell, Role of active oxygen species and NO in plant defence responses,
Curr. Opin. Plant Biol. 2 (1999) 287–294.
[123] Y. Liu, D. Ren, S. Pike, S. Pallardy, W. Gassmann, S. Zhang, Chloroplast-generated
reactive oxygen species are involved in hypersensitive response-like cell death
mediated by a mitogen-activated protein kinase cascade, Plant J. 51 (2007)
941–954.
[124] M.M. Mubarakshina, B.N. Ivanov, I.A. Naydov, W. Hillier, M.R. Badger, A.
Krieger-Liszkay, Production and diffusion of chloroplastic H2O2 and its implica-
tion to signalling, J. Exp. Bot. 61 (2010) 3577–3587.
[125] L. Ball, G.P. Accotto, U. Bechtold, G. Creissen, D. Funck, A. Jimenez, B. Kular, N.
Leyland, J. Mejia-Carranza, H. Reynolds, S. Karpinski, P.M. Mullineaux, Evidence
for a direct link between glutathione biosynthesis and stress defense gene ex-
pression in Arabidopsis, Plant Cell 16 (2004) 2448–2462.
[126] C.H. Foyer, G. Noctor, Redox regulation in photosynthetic organisms: signaling, ac-
climation, and practical implications, Antioxid. Redox Signal. 11 (2009) 861–905.
[127] C.S. Cobbett, M.J. May, R. Howden, B. Rolls, The glutathione-deﬁcient,
cadmium-sensitive mutant, cad2-1, of Arabidopsis thaliana is deﬁcient in
gamma-glutamylcysteine synthetase, Plant J. 16 (1998) 73–78.
[128] T. Vernoux, R.C. Wilson, K.A. Seeley, J.P. Reichheld, S. Muroy, S. Brown, S.C.
Maughan, C.S. Cobbett, M. Van Montagu, D. Inzé, M.J. May, Z.R. Sung, The ROOT
MERISTEMLESS1/CADMIUM SENSITIVE2 gene deﬁnes a glutathione-dependent
pathway involved in initiation and maintenance of cell division during post-
embryonic root development, Plant Cell 12 (2000) 97–110.
[129] A. Mhamdi, J. Hager, S. Chaouch, G. Queval, Y. Han, L. Taconnat, P. Saindrenan, H.
Gouia, E. Issakidis-Bourguet, J.P. Renou, G. Noctor, Arabidopsis GLUTATHIONE
REDUCTASE1 plays a crucial role in leaf responses to intracellular hydrogen per-
oxide and in ensuring appropriate gene expression through both salicylic acid
and jasmonic acid signaling pathways, Plant Physiol. 153 (2010) 1144–1160.
[130] A. Mhamdi, G. Queval, S. Chaouch, S. Vanderauwera, F. Van Breusegem, G.
Noctor, Catalase function in plants: a focus on Arabidopsis mutants as
stress-mimic models, J. Exp. Bot. 61 (2010) 4197–4220.
[131] G. Queval, D. Thominet, H. Vanacker, M. Miginiac-Maslow, B. Gakiere, G. Noctor,
H2O2-activated up-regulation of glutathione in Arabidopsis involves induction
of genes encoding enzymes involved in cysteine synthesis in the chloroplast,
Mol. Plant 2 (2009) 344–356.
[132] I.M. Moller, L.J. Sweetlove, ROS signalling-speciﬁcity is required, Trends Plant
Sci. 15 (2010) 370–374.
437J.D. Barajas-López et al. / Biochimica et Biophysica Acta 1833 (2013) 425–437[133] M.A. Torres, J.L. Dangl, Functions of the respiratory burst oxidase in biotic inter-
actions, abiotic stress and development, Curr. Opin. Plant Biol. 8 (2005)
397–403.
[134] M.R. Straus, S. Rietz, E. Ver Loren van Themaat, M. Bartsch, J.E. Parker, Salicylic
acid antagonism of EDS1-driven cell death is important for immune and oxida-
tive stress responses in Arabidopsis, Plant J. 62 (2010) 628–640.
[135] M. Wiermer, B.J. Feys, J.E. Parker, Plant immunity: the EDS1 regulatory node,
Curr. Opin. Plant Biol. 8 (2005) 383–389.
[136] F. Van Breusegem, J. Bailey-Serres, R. Mittler, Unraveling the tapestry of net-
works involving reactive oxygen species in plants, Plant Physiol. 147 (2008)
978–984.
[137] T. Pfannschmidt, Plastidial retrograde signalling—a true "plastid factor" or just
metabolite signatures? Trends Plant Sci. 15 (2010) 427–435.
[138] K. Brautigam, L. Dietzel, T. Kleine, E. Stroher, D. Wormuth, K.J. Dietz, D. Radke, M.
Wirtz, R. Hell, P. Dormann, A. Nunes-Nesi, N. Schauer, A.R. Fernie, S.N. Oliver, P.
Geigenberger, D. Leister, T. Pfannschmidt, Dynamic plastid redox signals inte-
grate gene expression and metabolism to induce distinct metabolic states in
photosynthetic acclimation in Arabidopsis, Plant Cell 21 (2009) 2715–2732.
[139] A. Foudree, M. Aluru, S. Rodermel, PDS activity acts as a rheostat of retrograde signal-
ing during early chloroplast biogenesis, Plant Signal. Behav. 5 (2010) 1629–1632.
[140] P. Kindgren, D. Kremnev, N.E. Blanco, J.D. Barajas-López, A.P. Fernández, C.
Tellgren-Roth, I. Small, Å. Strand, The plastid redox insensitive 2 mutant of
Arabidopsis is impaired in PEP activity and high light-dependent plastid redox
signalling to the nucleus, Plant J. 70 (2012) 279–291.
[141] J.M. Escoubas, M. Lomas, J. LaRoche, P.G. Falkowski, Light intensity regulation of
cab gene transcription is signaled by the redox state of the plastoquinone pool,
Proc. Natl. Acad. Sci. U. S. A. 92 (1995) 10237–10241.
[142] D.P. Maxwell, S. Falk, N. Huner, Photosystem II excitation pressure and develop-
ment of resistance to photoinhibition (I. Light-harvesting complex II abundance
and zeaxanthin content in Chlorella vulgaris), Plant Physiol. 107 (1995) 687–694.
[143] D.P. Maxwell, S. Falk, C.G. Trick, N. Huner, Growth at low temperature mimics
high-light acclimation in Chlorella vulgaris, Plant Physiol. 105 (1994) 535–543.
[144] D.P. Maxwell, D.E. Laudenbach, N. Huner, Redox regulation of light-harvesting
complex II and cab mRNA abundance in Dunaliella salina, Plant Physiol. 109
(1995) 787–795.
[145] T. Pfannschmidt, Chloroplast redox signals: how photosynthesis controls its
own genes, Trends Plant Sci. 8 (2003) 33–41.
[146] T. Pfannschmidt, A. Nilsson, A. Tullberg, G. Link, J.F. Allen, Direct transcriptional
control of the chloroplast genes psbA and psaAB adjusts photosynthesis to light
energy distribution in plants, IUBMB Life 48 (1999) 271–276.
[147] T. Pfannschmidt, K. Schütze, M. Brost, R. Oelmüller, A novel mechanism of nucle-
ar photosynthesis gene regulation by redox signals from the chloroplast during
photosystem stoichiometry adjustment, J. Biol. Chem. 276 (2001) 36125–36130.
[148] V. Fey, R. Wagner, K. Brautigam, M. Wirtz, R. Hell, A. Dietzmann, D. Leister, R.
Oelmüller, T. Pfannschmidt, Retrograde plastid redox signals in the expression
of nuclear genes for chloroplast proteins of Arabidopsis thaliana, J. Biol. Chem.
280 (2005) 5318–5328.
[149] Y. Hihara, K. Sonoike, M. Kanehisa, M. Ikeuchi, DNA microarray analysis of
redox-responsive genes in the genome of the cyanobacterium Synechocystis sp.
strain PCC 6803, J. Bacteriol. 185 (2003) 1719–1725.
[150] M. Piippo, Y. Allahverdiyeva, V. Paakkarinen, U.M. Suoranta, N. Battchikova, E.M.
Aro, Chloroplast-mediated regulation of nuclear genes in Arabidopsis thaliana in
the absence of light stress, Physiol. Genomics 25 (2006) 142–152.
[151] I. Heiber, E. Stroher, B. Raatz, I. Busse, U. Kahmann, M.W. Bevan, K.J. Dietz, M.
Baier, The redox imbalanced mutants of Arabidopsis differentiate signaling path-
ways for redox regulation of chloroplast antioxidant enzymes, Plant Physiol. 143
(2007) 1774–1788.
[152] I. Voss, T. Goss, E. Murozuka, B. Altmann, K.J. McLean, S.E. Rigby, A.W. Munro, R.
Scheibe, T. Hase, G.T. Hanke, FdC1, a novel ferredoxin protein capable of alterna-
tive electron partitioning, increases in conditions of acceptor limitation at pho-
tosystem I, J. Biol. Chem. 286 (2011) 50–59.
[153] A.E. McDonald, A.G. Ivanov, R. Bode, D.P. Maxwell, S.R. Rodermel, N.P. Huner, Flex-
ibility in photosynthetic electron transport: the physiological role of plastoquinol
terminal oxidase (PTOX), Biochim. Biophys. Acta 1807 (2011) 954–967.
[154] D. Wu, D.A. Wright, C. Wetzel, D.F. Voytas, S. Rodermel, The IMMUTANS variega-
tion locus of Arabidopsis deﬁnes a mitochondrial alternative oxidase homolog
that functions during early chloroplast biogenesis, Plant Cell 11 (1999) 43–55.
[155] M.R. Aluru, J. Zola, A. Foudree, S.R. Rodermel, Chloroplast photooxidation-induced
transcriptome reprogramming in Arabidopsis immutans white leaf sectors, Plant
Physiol. 150 (2009) 904–923.
[156] D. Rosso, R. Bode, W. Li, M. Krol, D. Saccon, S. Wang, L.A. Schillaci, S.R. Rodermel,
D.P. Maxwell, N.P. Huner, Photosynthetic redox imbalance governs leaf sector-
ing in the Arabidopsis thaliana variegation mutants immutans, spotty, var1,
and var2, Plant Cell 21 (2009) 3473–3492.[157] D. Rosso, A.G. Ivanov, A. Fu, J. Geisler-Lee, L. Hendrickson, M. Geisler, G. Stewart,
M. Krol, V. Hurry, S.R. Rodermel, D.P. Maxwell, N.P. Huner, IMMUTANS does not
act as a stress-induced safety valve in the protection of the photosynthetic appa-
ratus of Arabidopsis during steady-state photosynthesis, Plant Physiol. 142
(2006) 574–585.
[158] J.C. Rapp, J.E. Mullet, Chloroplast transcription is required to express the nuclear
genes rbcS and cab. Plastid DNA copy number is regulated independently, Plant
Mol. Biol. 17 (1991) 813–823.
[159] T. Pfannschmidt, K. Liere, Redox regulation and modiﬁcation of proteins control-
ling chloroplast gene expression, Antioxid. Redox Signal. 7 (2005) 607–618.
[160] S. Steiner, L. Dietzel, Y. Schroter, V. Fey, R. Wagner, T. Pfannschmidt, The role of
phosphorylation in redox regulation of photosynthesis genes psaA and psbA
during photosynthetic acclimation of mustard, Mol. Plant 2 (2009) 416–429.
[161] S. Baginsky, K. Tiller, G. Link, Transcription factor phosphorylation by a protein
kinase associated with chloroplast RNA polymerase from mustard (Sinapis
alba), Plant Mol. Biol. 34 (1997) 181–189.
[162] M. Shimizu, H. Kato, T. Ogawa, A. Kurachi, Y. Nakagawa, H. Kobayashi, Sigma fac-
tor phosphorylation in the photosynthetic control of photosystem stoichiome-
try, Proc. Natl. Acad. Sci. U. S. A. 107 (2010) 10760–10764.
[163] J. Schweer, H. Turkeri, B. Link, G. Link, AtSIG6, a plastid sigma factor from
Arabidopsis, reveals functional impact of cpCK2 phosphorylation, Plant J.
62 (2010) 192–202.
[164] K. Ogrzewalla, M. Piotrowski, S. Reinbothe, G. Link, The plastid transcription ki-
nase from mustard (Sinapis alba L.). A nuclear-encoded CK2-type chloroplast
enzyme with redox-sensitive function, Eur. J. Biochem. 269 (2002) 3329–3337.
[165] S. Puthiyaveetil, T.A. Kavanagh, P. Cain, J.A. Sullivan, C.A. Newell, J.C. Gray, C.
Robinson, M. van der Giezen, M.B. Rogers, J.F. Allen, The ancestral symbiont sen-
sor kinase CSK links photosynthesis with gene expression in chloroplasts, Proc.
Natl. Acad. Sci. U. S. A. 105 (2008) 10061–10066.
[166] S. Bellaﬁore, F. Barneche, G. Peltier, J.D. Rochaix, State transitions and light adap-
tation require chloroplast thylakoid protein kinase STN7, Nature 433 (2005)
892–895.
[167] V. Bonardi, P. Pesaresi, T. Becker, E. Schleiff, R. Wagner, T. Pfannschmidt, P. Jahns,
D. Leister, Photosystem II core phosphorylation and photosynthetic acclimation
require two different protein kinases, Nature 437 (2005) 1179–1182.
[168] P. Pesaresi, A. Hertle, M. Pribil, T. Kleine, R. Wagner, H. Strissel, A. Ihnatowicz, V.
Bonardi, M. Scharfenberg, A. Schneider, T. Pfannschmidt, D. Leister, Arabidopsis
STN7 kinase provides a link between short- and long-term photosynthetic accli-
mation, Plant Cell 21 (2009) 2402–2423.
[169] P. Pesaresi, M. Pribil, T. Wunder, D. Leister, Dynamics of reversible protein phos-
phorylation in thylakoids of ﬂowering plants: the roles of STN7, STN8 and
TAP38, Biochim. Biophys. Acta 1807 (2011) 887–896.
[170] J. Pfalz, K. Liere, A. Kandlbinder, K.J. Dietz, R. Oelmuller, pTAC2, -6, and ‐12 are
components of the transcriptionally active plastid chromosome that are re-
quired for plastid gene expression, Plant Cell 18 (2006) 176–197.
[171] B. Arsova, U. Hoja, M. Wimmelbacher, E. Greiner, S. Ustun, M. Melzer, K.
Petersen, W. Lein, F. Bornke, Plastidial thioredoxin z interacts with two
fructokinase-like proteins in a thiol-dependent manner: evidence for an essen-
tial role in chloroplast development in Arabidopsis and Nicotiana benthamiana,
Plant Cell 22 (2010) 1498–1515.
[172] W. Zhou, Y. Cheng, A. Yap, A.L. Chateigner-Boutin, E. Delannoy, K. Hammani, I.
Small, J. Huang, The Arabidopsis gene YS1 encoding a DYW protein is required
for editing of rpoB transcripts and the rapid development of chloroplasts during
early growth, Plant J. 58 (2008) 82–96.
[173] X. Sun, P. Feng, X. Xu, H. Guo, J. Ma, W. Chi, R. Lin, C. Lu, L. Zhang, A chloroplast
envelope-bound PHD transcription factor mediates chloroplast signals to the
nucleus, Nat. Commun. 2 (2011) 477, http://dx.doi.org/10.1038/ncomms1486.
[174] P.J. Seo, S.G. Kim, C.M. Park, Membrane-bound transcription factors in plants,
Trends Plant Sci. 13 (2008) 550–556.
[175] R. Isemer, M. Mulisch, A. Schafer, S. Kirchner, H.U. Koop, K. Krupinska, Recombi-
nant Whirly1 translocates from transplastomic chloroplasts to the nucleus, FEBS
Lett. 586 (2012) 85–88.
[176] C. Despres, R. Subramaniam, D.P. Matton, N. Brisson, The activation of the potato
PR-10a gene requires the phosphorylation of the nuclear factor PBF-1, Plant Cell
7 (1995) 589–598.
[177] D. Desveaux, C. Despres, A. Joyeux, R. Subramaniam, N. Brisson, PBF-2 is a novel
single-stranded DNA binding factor implicated in PR-10a gene activation in po-
tato, Plant Cell 12 (2000) 1477–1489.
[178] D. Desveaux, R. Subramaniam, C. Despres, J.N. Mess, C. Levesque, P.R. Fobert, J.L.
Dangl, N. Brisson, A "Whirly" transcription factor is required for salicylic
acid-dependent disease resistance in Arabidopsis, Dev. Cell 6 (2004) 229–240.
[179] J. Melonek, M. Mulisch, C. Schmitz-Linneweber, E. Grabowski, G. Hensel, K.
Krupinska, Whirly1 in chloroplasts associates with intron containing RNAs and
rarely co-localizes with nucleoids, Planta 232 (2010) 471–481.
